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PREFACE 



T HIS monograph contains a brief but fairly broad 
account of our present knowledge of the earth’s 
magnetic field and its changes. The mathematical de¬ 
velopments of the subject are barely indicated, and the 
space available has not allowed more than passing refer¬ 
ence to such cognate topics as the aurora, earth currents, 
solar phenomena, or radio research. For the same reason 
historical details, controversial theoretical discussions, and 
mention of the authors to whom individual results are 
due, are almost wholly excluded. I hope, shortly, in 
collaboration with Professor J. Bartels, to publish a much 
more extensive and detailed account of the subject. 


S. CHAPMAN 
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CHAPTER I 


THE MAIN FIELD AND THE SECULAR 

VARIATION 

The Magnetic Elements 

I N the space directly accessible to man and his instru¬ 
ments, at or near the earth’s surface, there is a natural 
magnetic field. This is revealed most simply by its 
directive effect on a magnetized needle. The ordinary 
compass needle is weighted so as to swing horizontally ; 
a magnetized needle freely pivotted and perfectly balanced 
will in general not be horizontal. Such a needle is called 
a dip needle ; its “ north-seeking ” end dips below the 
horizontal at an angle I called the magnetic dip (I is 
reckoned negative if this end is uppermost, as is the case 
throughout most of the southern hemisphere). The in¬ 
clination of the compass needle (that is, of its north-seeking 
half) to the geographical north is called the magnetic 
declination D (or, by seamen, the magnetic variation) ; it 

may be either west or east, and is usually reckoned positive 
if to the east. r 

The intensity of the magnetic force at any point will 
be denoted by F. Its horizontal and vertical (downward) 
components will be denoted by H and Z ; H is always 
reckoned positive, but Z is reckoned negative if ppwards. 

hen the vertical component is considered regardless of 
sign it will be denoted by V (always positive). The 
northern and eastern components of H will be denoted by 
A, Y respectively. All the quantities X, Y, Z, H, F, D, I, 
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are called magnetic elements : the following relations hold 
between them : 

F 2 = H 2 + Z 2 - H 2 + V 2 Z = F sin I 
H = F cos I Y = H sin D 

X = H cos D tan I = Z/H 

H 2 = X 2 + Y 2 tan D = Y/X. 

Three elements are needed to specify the field at a point. 
Those usually chosen are H, I, D ; H, V, D ; or X, Y, Z. 


ISOMAGNETIC MAPS 

The distribution of the magnetic field over the earth’s 
surface can be represented by maps on which lines called 
isomagnetic lines are drawn. These are such that each 
passes through all the points at which a particular mag¬ 
netic element has a definite (indicated) value. Thus 
there is a set of such lines, forming an isomagnetic map, 
for each element. Special names have been given to the 
isomagnetic lines for certain elements. Those for de¬ 
clination are called isogonic lines, for dip isoclinic lines, 
for the total intensity (F) isodynamic lines. The iso¬ 
magnetic lines for H, V, X, Y are simply called lines of 
equal horizontal, vertical, north or east force. Isomagnetic 
maps may, of course, be drawn on any projection. 

Another valuable magnetic map is that containing the 
lines of horizontal magnetic force, drawn so that their 
direction at each point is that of the horizontal force at 
the point. Fig. i, of epoch about 1830, shows the map for 
the northern hemisphere (it also shows the lines of equal dip). 
This map gives a good pictorial representation of the 
direction of the horizontal part of the field, which governs 
the compass ; but it is not so useful to seamen as the iso¬ 
gonic map (Fig. 2), since the latter more easily enables 
the compass direction at any point to be read off by inter¬ 
polation with fair accuracy. The isogonic lines them¬ 
selves give, however, no immediate indication of the general 
distribution of compass direction, such as Fig. 1 affords. 
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They have what may he considered an artificial complica¬ 
tion near the geographical poles, because in the near neigh¬ 
bourhood of each pole the direction of H is nearly constant, 
while the north direction changes through four right 
angles as we go round the pole in a circuit however small. 



dence all values of the declination occur near the poles, 
and all the isogonic lines pass through these points. 

All the isogonic lines also pass through certain points 
called magnetic poles (or dip poles), where H vanishes and 
1 - ± 9 ° , because near such a point the north direction 
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Fig. 2. Admiralty chart of isogonic lines (or lines of equal declination) for 1922. 
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is nearly constant, while that of H changes through four 
right angles as we go round the dip pole in a circuit however 
small. The lines of horizontal force in Fig. i also all 
converge to such points, but not to the geographical poles. 

There are two principal dip poles, whose approximate 
positions in 1922 were 71 0 N., 96° W. and 73 0 S., 156° E. 
The former is called the north, and the latter the south 
magnetic pole : at both of them H = o (by definition), 
while Z and I are positive at the north pole, and negative 
at the south pole. There are also other dip poles of minor 
importance, in various localities of intense magnetic 



a*r-iaa«nii«g 
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Fig. 3.— Lines of equal horizontal intensity (H), 1 


922. 


irregularity, where magnetic ores situated not far from the 
surface so greatly distort the general field, over a small 
area, as to reduce H to zero at one or more points. In 

general however, references to the dip poles will in this 
book relate only to the two principal poles. 

The isomagnetic lines for F, H, V and I are (in the main) 
simple curves approximately parallel to each other and 

~l r T l f he T d ;p p° les ; F; g- 3 shows the i S0 - 

slight departures of the field from a regular distribution 
however, the four sets of curves are not quite identkai 
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in shape. The curve V = o is, however, necessarily 
the same as the curve I = o ; this curve, at all points 
of which a perfectly balanced magnetized needle sets 
horizontal, is called the magnetic equator. To the north 
of this curve Z and I are positive, that is, the dip needle 
points downwards, while to the south of it the dip needle 
points upwards. 

Units and Force Values. 

The unit of force used for F, H, V, X, Y is the c.g.s. 
electromagnetic unit, the gauss (indicated by the symbol T). 
A unit io“ 5 smaller, called the gamma (y), is also much 
used in publications on terrestrial magnetism ; iT = io J y. 

The value of the vertical force V varies from zero on 
the magnetic equator to about o*6 r at the magnetic poles ; 
H varies from zero at the poles to about o*3-T on the mag¬ 
netic equator—though it is not quite constant along the 
line. Thus F ranges from about 0-3 r at the magnetic 
equator to about o-6 JT at the magnetic poles. In a few 
disturbed localities F falls below o or rises above o-6T, 
to 3-T or more at some points ; such local disturbances 
distort the isomagnetic lines in their neighbourhood, but 
small-scale charts such as Figs. 2, 3 do not show these 
local irregularities. 

Absolute Magnetic Measurements and Instruments. 

In principle it is a simple matter to measure the direction 
of the magnetic field, that is, to determine D and I. In 
practice, however, it is not easy to achieve the desired 
accuracy (to o-i minute of arc), especially in the case of I. 
Usually D is determined by means of a compass needle 
with the aid of a meridian mark. Until recently I was 
obtained by use of a dip needle, but an electrical instru¬ 
ment called a dip inductor is now often used instead. In 
this instrument a coil is rotated about an axis whose direc¬ 
tion can be varied (and measured); it is moved until a 
galvanometer registers no induced current in the rotating 
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coil. The axis of rotation is then aligned along the field, 
so that its inclination is I. Yet a third method of finding 
I is to measure H and Z separately, and to use the relation 

tan I = Z/H. 

When D and I are known, all the elements can be found 
if H also is measured, and this is the usual practice, follow¬ 
ing a method due to Gauss. The instrument used is called 
a magnetometer. A freely suspended horizontal bar magnet 
of magnetic moment M and moment of inertia mk 2 oscillates 
about its centre O in the time T given by 2 tt\/(mAj 2 /MH) ; 
if an unmagnetized body of simple form, and therefore 
easily calculable moment of inertia m'k' 2 t is attached to 
the needle, T is changed to T', given by 

27 Ty/{(mk 2 + m'*' 2 )/MH}. 

By measuring T and T # , and using the known value of 
m'k' 2 } the values of mk 2 and MH are found. A further 
experiment is then made by which M/H is found, so that, 
knowing MH and M/H, H itself is determined. This 
experiment is called the deflection experiment, because 
the original bar magnet is used to modify the earth’s field 
near a compass needle (centre C), which is thereby de¬ 
flected through an angle 0 . The bar magnet is placed 
horizontally, pointing toward C, so as to be perpendicular 
either to the original or the deflected direction of the 
compass needle; in the first case tan 6=2 M/Hr 3 , in 
the second case sin 6= zM/Hr 3 , where r is the distance 
OC. In either case, knowing r and 0 , M/H is found. 
1 his Gaussian method of finding H is still widely used, 
^ut it does not readily yield the desired accuracy (to iy). 

As in the case of I, electrical methods of measuring H 
(and also V) are coming into use, because of their greater 
ease, speed and accuracy. In the Schuster-Smith coil 
magnetometer, the horizontal component ef the earth’s 
held is annulled at the centre of a coil of wire of known 
dimensions, by adjusting the current flowing in the coil : 
the measurement of the current determines H if the 
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constants of the coil are known. Dye constructed a some¬ 
what similar instrument which measures V. La Cour has 
devised another type of vertical force magnetometer, in 
which the quantity measured is the current-flow induced 
when a horizontal coil is suddenly given a half turn about 
a horizontal axis, so as to reverse the magnetic flux through 
it. Coil-magnetometers are difficult to calibrate absolutely, 
but when this has been done they can readily be used to 
standardize other magnetometers of the same type. 

Magnetic Observatories, Variometers and 

Magnetographs 

The earth’s magnetic field is constantly changing, and 
its variations are recorded continuously by photography 
at a considerable number of institutions called magnetic 
observatories , widely distributed over the earth. The 
oldest magnetic observatories date back to about 1840, 
and in the early years, before photographic methods had 
been introduced, hourly eye observations of the magnetic 
elements were made. The elements recorded are usually 
H, V and D. The instruments used are called variometers , 
because they are not designed to give the absolute values 
of the elements, but only to show their small variations. 
The time scale of the records obtained, which are called 
magnetographs , is usually about 15 mm. per hour, though 
some observatories also have quick-recording variometers 
with a time scale twelve to twenty times as open. The 
scale of force on magnetographs usually lies within the 
range 3 to ioy per mm. (for H and V) or (for D) about 
T per mm., though practice varies. 

At a magnetic observatory there are both absolute 
instruments and variometers : the former are used to 
calibrate the “ base-lines ” from which the readings of the 
magnetograph curves are measured. 

Magnetic Surveys 

The distribution of magnetic force over the earth is 
not given in sufficient detail by measures made at the 


THE MAIN FIELD 9 

magnetic observatories alone. Series of observations made 

at a closer network of points, on sea as well as on land, 

are needed for this purpose. These operations are called 

magnetic surveys. Portable absolute instruments are used, 

those for land and sea surveys being somewhat different 
in design. 

Land magnetic surveys are usually made nationally, and 
sea surveys by vessels of the leading maritime nations. But 
such national efforts left much of the globe surveyed very 
imperfectly if at all. To supply the need for a compre¬ 
hensive world survey, filling up the large gaps in magnetic 
ata, by land and (still more) by ocean expeditions, the 
Larnegie Institution of Washington, through the initiative 
ot the late L. A. Bauer, founded a Department of Ter¬ 
restrial Magnetism (1904). This has taken “the world 
as its parish,” with immense benefit to the science ; it 
as made extensive magnetic surveys on land and sea, 
sing tor its ocean surveys a specially constructed non- 
agnctiG ship (unhappily lost by fire, with its commander 
at Apia, Samoa, in 1929); it has instituted and 
maintains two magnetic observatories in Australia and 
reru ; and in numerous other ways it has made or assisted 

mvesti g ati °ns in many parts of the 
k? Bntish Admiralty is constructing a new 
magnetic ship for ocean magnetic surveying. 

survevf l C earth * s field is always changing, magnetic 
knnJT a haV r 1° be renewed at intervals, to keep our 
: r f ear th’s field up to date. Owing to the 

far ar ^ -°l tbe °l ian g es > which cannot be predicted 
anv r<f a W j an ^ certaint y> a gap in our knowledge for 
is ^irr^ 10 ^- u! 16 t0 a ^°. n £ absence of observations there, 
be frr» medla bl e * The interval between surveys should 
atinn m t0 3 ° years, depending on the rapidity of vari- 

nearest 5 observatories.^ by ** reC ° rdS ° f the 

of E n X n! nSiVe magnetic surveys usually need the co-operation 
Thio ; °u more ma gnetic observatories in their vicinity, 
s ecause they generally extend over months, and 
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sometimes over years, and it is necessary to reduce the 
observations, taken in different months and at different 
times of day, to a common epoch. Each observation is 
therefore corrected by the difference, derived by inter¬ 
polation from data for the nearest magnetic observatories, 
between the value of the element at the time of observation, 
and its mean value for a period (generally a year) centred 
at the chosen epoch ; this is usually near the middle of 
the period covered by the survey. 

The Secular Magnetic Variation 

The successive annual mean values of the magnetic 
elements at an observatory, or the values obtained for 
different epochs by magnetic surveys, show that the earth’s 
field undergoes secular changes, that is, changes long 
continued in the same sense, though not necessarily or 
usually at a constant rate. This is called the secular 
magnetic variation ; over a long period the total change is 
very considerable, though it may not continue indefinitely 
without reversal. 

The existence of the secular variation of declination 
was discovered in 1634 by Gellibrand at London, the 
declination itself having been known at least since the 
fifteenth century. In 1576 Norman discovered the 
magnetic dip ; the secular variation of dip came to light 
during the seventeenth century. Knowledge of the 
secular variation in F or H is more recent, for absolute 
measurements of intensity date only from about 1826, 
though relative measures were made earlier, in the latter 
part of the eighteenth century, by measuring MH at 
different places and times with the same magnet (of un¬ 
known and possibly inconstant M). Thus our knowledge 
of the secular variation goes back much farther for the 
direction of the earth’s field than for its intensity. 

Fig. 4 illustrates the change in direction of the magnetic 
force at London since about 1580. It shows the curve 
that would have been traced on a sphere, during this 
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period, by the end of a dip needle freely pivotted at the 
centre of the sphere. The curve is an oval, apparently 
about three-quarters complete, suggesting a cyclic varia¬ 
tion in about 480 years. But the variations at other 
stations suggest rather different periods. There is no 
certainty that the secular variation is really periodic at any 
station, and little likelihood that for the earth as a whole 
it has any dominant true period. It has been stated by 
certain writers that the earth’s magnetic poles are revolving 
round the geographical poles, but the evidence is against 
rather than for this conclusion. 


Declination 

12 0 ' 8 ° 4° o° 



I-IG. 4. The direction of the magnetic force at London, 

since 1580. 

The distribution of annual change in each element at 
any epoch can be represented on maps by lines of equal 
annual change: these lines are called import, and the 
maps are called isoporic maps. Fig. 5 shows such a map 
tor the total intensity. It shows regions of specially rapid 
decrease in the southern oceans below latitude 30° S. ; 
the area of increasing intensity is much smaller than that 
ot decreasing intensity, and the maximum rates of increase 

aF k !" I Cneral , ! es * than th °se of decrease. Thus on the 
whole the earth s field is at present decreasing in intensity. 

1 his average decrease appears to have been progressive 

T,* b ° Ut a Cen ‘ ury ’, thou g h regions of most rapid 
change may not have been always the same. 
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The earth’s field as a whole is of a simple character, 
but the distribution of the secular variation is decidedly 
less simple. Bartels has expressed the difference between 
the two by saying that the earth’s field is a planetary 
phenomenon, while the secular variation is a regional one. 

Mercanton has sought to throw light on the secular 

variation over much longer periods of time—geological 

ages—by measuring the magnetization of certain lava 

beds that appear to have remained undistorted since they 

were first deposited. It is supposed that just before lava 

solidifies it acquires induced magnetization, in a direction 

corresponding with the local direction of the earth’s field, 

and thereafter preserves it without change. Thus it should 

indicate the dip of the field at that place and epoch, and 

also the declination, if there has been no general drift or 

rotation of the land on which it lies. The measurements 

suggest remarkable changes in the direction of the field : 

these may be attributed either to a real change in the 

field, or to a large motion of the underlying land strata 

over the body of the earth. The enquiry is interesting 

and important, but no certain conclusion can yet be drawn 
from it. 


The Earth a Great Magnet 

William Gilbert of Colchester, Queen Elizabeth’s phy¬ 
sician, seems to have been the first man to attain to a true 
concept km of the general character of the earth’s magnetic 
held. This, and the experiments that guided him, are 
described in his treatise “ De Magnete,” published in 
a.d. 1600. He cut a spherical piece of the naturally mag- 
netized mineral called lodestone, and examined the dis- 
ri ution of direction of the magnetic force over its surface 
)y means of tiny magnetized needles freely pivotted. 
e saw that the distribution of dip agreed with what was 

n ^ n . earth’s field. Hence he concluded that the 

earth is itself a great magnet, similar to his magnetized 
p ere except in size : and also that its magnetic influence 
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proceeds from within, whereas his contemporaries thought 
that compass needles were directed by the pole star. 

Three centuries later Faraday introduced his conception 
of lines and tubes of force. Their direction can be shown 
experimentally by means of iron filings. Fig. 6 shows the 
lines of force for a uniformly magnetized sphere ; hence 
it indicates how the earth’s field is likely to vary in direction 
at points above the earth. 



The variation in the intensity of the field, as well as in 
its direction, in the space round a uniformly magnetized 
sphere, can be found with the aid of the theory of the mag¬ 
netic potential. This theory was developed by Laplace, 
Poisson and others, in the eighteenth and nineteenth cen¬ 
turies, on foundations already laid down (for the gravita¬ 
tional field) by Newton. Gauss applied the theory to the 
earth’s magnetic field. He found that, as Gilbert had 
realized, the field of a uniformly magnetized sphere is an 
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excellent first approximation to the earth’s field, and he 
showed how to determine the field of this type that most 
closely fits the earth’s field. This part of the field may be 
called the regular field of the earth, and the remainder 
the irregular field. Gauss showed how this also might be 
expressed in mathematical terms, and within the limits of 
accuracy then attainable he proved that both this and the 
regular field have their origin within the earth. Thus 
he confirmed Gilbert’s conclusion, and extended it to the 
irregular part of the field. 


The Field of a Uniformly Magnetized Sphere. 

Consider a uniformly magnetized sphere with centre O, 
radius a , and intensity of 
magnetization J. Its magnetic 
moment M is given by Magnetic axis 

M = J. 

3 

The diameter along the direc- 
tion of magnetization is called 
the magnetic axis , and its two 
ends are called the magnetic 
poles; the one to which the 
north-seeking end of an ordi¬ 
nary compass needle is attracted 
is called the north pole, and 
the other the south pole. 

Let P (Fig. 7) be any point 

outside the sphere ; let r denote 

the distance OP, and 0 the 

angle (o < 0 < n) between OP 

and the magnetic axis. The magnetic potential (O) at P 
is given by v ' 

_Mcos _0 

~2 



Fig. 7. 
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The inward radial component of force, corresponding to 
the terrestrial magnetic element Z, is 'bCl/'dr. The com¬ 
ponent perpendicular to the radius, in the direction of 
decreasing 6 , is <) O /r'dO ; it corresponds to the terrestrial 
magnetic element H. Clearly 

y ^ £1 _ 2M cos 0 tt _ d O _ M sin 6 

r 3 ’ rbd ~ V 3 ‘ 

The angle of dip I and the intensity F are therefore given 
by 

tan I = Z/H = 2 cot 9 , 

F = ^(i + 3 cos 2 6>). 

The potential 12 , and the field outside the sphere, are 
the same as those of a magnetic particle of the same moment 
M situated at O, and directed along the magnetic axis. 
They also agree with those for any concentric magnetic 
sphere of the same moment, that is, any sphere of different 
radius a' and intensity of magnetization J', but such that 
a! 3 J' = a 3 J. Thus the existence of such a field outside 
a sphere does not imply that the sphere itself is uniformly 
magnetized ; this is only one possible way in which the 
field might be produced ; another possibility is that only a 
part—a concentric core—of the sphere is uniformly mag¬ 
netized, with correspondingly greater intensity. A third 
possibility is that the field is due to a small but strong 
magnet at the centre of the sphere ; in the case of the earth 
this hypothesis cannot be considered a likely one. But 
these alternatives do not exhaust the possibilities, since the 
field outside the sphere may be due to a system of electric 
currents flowing within, instead of to magnetized matter. 

The formulae for H, Z and F show that the intensity 
of the field and its components decreases outwards inversely 
as the cube of the distance from O. Hence the earth’s 
magnetic field must die away much more rapidly than its 
gravitational field, whose intensity falls off only as the 
inverse square of the radius. (The irregular part of the 
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earth’s field decreases still more rapidly—see p. 23—so 

that the greater the distance from the earth, the more 

regular ” is the field ; that is, except in so far as the field 

is modified by electric currents in the space above the earth ; 
see p. 21, also p. 57). 

Unlike the intensity, the direction of the magnetic force 
does not vary with the distance along a radius, since the 
dip I depends only on 6 . This conclusion may be expected 
to apply approximately to the earth’s field. 

The formulae for H and Z may be rewritten in the form 

H = H 0 ^ sin 0 , Z = Z 0 ~ cos 9 , 

where H 0 = ^ = i ff J, Z 0 = 2 H 0 , 
so that conversely 

M = a 3 H 0 , J = —H 0 . 

4 7T 

by 0n the surface of the sphere (r = a), H and Z are given 

H = H 0 sin 9 , Z = Z 0 cos 9 . 

Clearly Z 0 is the surface value of Z at the north pole ( 9 = o); 

varies as cos 9 , from Z 0 at this pole, through zero along 
the^circle 9 = 9 o°, to - Z 0 at the south pole. The circle 
9° , along which Z (and the dip I) vanishes, is called 
the magnetic equator of the sphere. H 0 is the surface 
va ue of H on the equator; H decreases from this maxi- 
mum value, proportionately to sin 9 , to zero at the poles, 
the maximum (polar) value of Z, namely Z 0 , is twice the 
maximum (equatorial) value H 0 of H. This is approxi- 

o-6r amTo 3T ^ Carth ’ S ‘ nCe Z ° and H ° are ( rou g hl y) 
The surface equatorial value of H on a uniformly mag¬ 
netized sphere is -—ttJ. The corresponding value at the 
surface of a sphere of radius a, of which only an inner 
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concentric core of radius a' is magnetized, to intensity J', 
is M/a 3 , where M is now -na' 3 ]'; hence H 0 is-7r(a'/a) 3 J'. 

The polar equation of the lines of force of a uniformly 
magnetized sphere is r = c sin 2 6, where c is a constant, 
different for different lines. If the equation is written in 
the form 

_r sin 2 6 

a sin 2 6q 

the new constant 0 o represents the value of 6 at which the 
line meets the sphere (r = a). The maximum distance 
of this line from the sphere is attained when 6 = go °, 
that is, above the magnetic equator, where r = a/sin 2 0 o . 
For example, if 0 O = 30°, a/ sin 2 0 O = 4a, corresponding 
to a height 3# above the equator. 

Numerical Data for the Earth’s Field 

The regular field of closest fit to the earth’s field is 
found by a mathematical process known as the method of 
spherical harmonic analysis. This regular field has its 
north pole at approximately 78° N., 69° W., and its south 
pole at the opposite point on the earth, namely 78° S., 
249° W. The north pole, which attracts the north-seeking 
end of a magnetic needle, is itself of the same polarity as 
a south-seeking end. The diameter joining the south to 
the north pole is called the earth’s magnetic axis ; it is 
inclined at 12 0 to the geographical axis. Its two ends 
are called the axis-poles of the earth’s field, to distinguish 
them from the dip-poles (p. 3), where H = o. On 
a uniformly magnetized sphere the dip-poles and the 
axis poles are identical ; but this is not so for the earth’s 
field, because of the presence of the additional “irregular” 
field, whose horizontal component does not happen to 
vanish at the axis-poles. Since the part of H due to the 
regular field is small near the axis-poles, an irregular field 
of low intensity can cause a considerable shift in the posi¬ 
tion of the point where the combined H is zero. The 
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actual distance between the northern axis-pole and dip-pole 
is about 600 miles, while for the southern poles it is about 
900 miles. The line joining the two dip-poles does not 
pass through the earth’s centre O ; it passes O at a distance 
of about 700 miles. 

From the standpoint of geophysics the axis-poles are 

more significant than the dip-poles ; but for seamen and 

others who may use the compass, in high latitudes, the dip- 

poles have the greater importance. 

If the irregular part of the earth’s field were absent, 

the lines of equal H, Z, F and I would all be circles centred 

on the magnetic axis. They would in fact coincide with 

the circles of magnetic latitude , this being defined as 90°—0 , 

where 9 is the angular distance from the north axis-pole ; 

itself is called the (magnetic) colatitude. The isomagnetic 

maps for these elements, if drawn on a Mercator projection 

based on the magnetic instead of the geographical axis, 

would show simply a series of lines parallel with the 

(magnetic) equator. On the usual Mercator projection 

relatrve to the geographical axis, the isomagnetic lines 

would be curves, but still quite simple and regular. The 

existence of the irregular field modifies their form, and 

creates a distinction between the four sets of curves ; for 

example, the magnetic equator (I = o = Z) is not a line 
of constant H or F. 

j^e re & u ^ ar were alone present, the declination 
would be westerly over the hemisphere bounded by the 
meridians through the magnetic poles and containing 
' ng and, and easterly over the other hemisphere. But 
e lsogomc lines would not be simple ; this is because 
e deviation of the magnetic from the geographical axis 
involves the existence of four isogonic foci (see p. 3), situ- 

3 t'y. 0 dip-poles and the two geographical poles, 

e meridian circles or planes passing through the 

magnetic axis poles are called the magnetic meridians or 
magnetic meridian planes. 

f- 7?, e val . u . e of ^0 for the regular part of the earth’s 
eld (1922) is 0 316 r ; it corresponds to a magnetic moment 


***• V 'VI 0 
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M (M = # 3 H 0 , where a may be taken as 6370 km. or 
6*37 . io 8 cm.) of amount 8*19 . io 25 . This is called the 
magnetic moment of the earth. The intensity of mag¬ 
netization J which the earth would have, if its regular 
field were due to uniform magnetization throughout, 
is 3H 0 /47 t or 0 075. The surface layers are on the average 
certainly not magnetized to this extent. 

The above value of H 0 refers to the epoch 1922. Earlier 


determinations are as follows : 

1829 Erman-Petersen .... 0*327 

1830 Gauss ..... 0*331 

1845 Adams ..... 0*328 

1880 Adams ..... 0*324 

1880 Neumayer ..... 0*323 

1885 Schmidt ..... 0*324 

1885 Fritsche ..... 0*322 

1922 Dyson and Furner . . . 0*316 


Though the earlier determinations may be somewhat in 
error, these results certainly indicate a decrease of a few 
per cent, in H 0 and the earth’s magnetic moment during 
the last century (p. 11). When the great scale of the 
phenomenon is considered, this must seem a remarkably 
large and rapid secular change, not paralleled for any other 
world-wide geophysical property. 

The Irregular Part of the Earth’s Field 

The irregular part of the earth’s field can be represented 
graphically by “ iso-anomalous ” maps (showing the lines 
along which each of its elements has a constant value) 
and in other ways. In some parts of the world it con¬ 
tributes a substantial percentage to one or other com¬ 
ponent of the field, even apart from areas of special local 
disturbance. It can also be expressed mathematically, 
with the aid of an addition O' to the regular potential 
function O (given, with reference to the earth s magnetic 

axis, on p. 15). 
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The surface value of Odenoted by fi is expressible 
as a series of functions of geographical latitude (/) and 
longitude (A, reckoned east from Greenwich). That is 

flo = C 2 aS, (/, A) + C ;! aS 3 (/, A) + . . ., 

where C 2 C 3 are constants and S.„ S :1 , . . . are certain 
surface harmonic ” functions of / and A, of “degree” 

2 ’ 3 > • • • • The series does not start with suffix , because 

7‘ err 2 £i S i ( l < would correspond to the regular part 

o the held. The north and east horizontal components 

ot the irregular field, X', Y', are related to O' by the 
equations u y 


X' = - 


a'dl * 


Y' = - 


a cos l~bX 


The coefficients C, and the precise form of the functions 

n e‘" C l U , dl j? C i and S i< are f °und hy an analysis of the 
ifj d fnbut,on of either X or Y over the earth’s 

snhltonV , e ex P resslons thus separately found agree 
substantially but not exactly. The small difference may 

, to three causes, namely, (i) errors in the observed 

of a nart offi u en T anaIysis> ( 3 ) the existence 

P the field which does not possess a potential. 

The Non-Potential Field : Magnetic Line 

Integrals 

eviTt» e P res ^ nce a non-potential field would imply the 
w " CC , e eCtrlC current s flowing across the earth’s 
wfiif-L e, tL r ° m - a,r t0 eart h or vice versa. Another way in 
H n eX1Stence of such currents could be detected 
magneticaUy would be by the calculation of line integrals 

the horizontal magnetic force round closed curves on 

shouhl Kp S SUrf l CC '’ the value of such a line integral 

thronoh X^ 1 '- W1CrC * 18 the total electric current flowing 
through the circuit. If the circuit is a circle of latitude; 

taken ^ T lnt . egral is sim P’y * or J H sin D ds 

been M [rA the Circle ‘ Such hne-integrals as have 
lculated do not exactly vanish ; this may be partly 
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due to errors in the magnetic data, but it is doubtful 
whether such errors can completely account for the non¬ 
vanishing of the line integrals. The difficulty in crediting 
the reality of the earth-air currents indicated by the line 
integrals is their magnitude ; this is of the order io -12 
ampere per sq. cm., outwards over some areas and inwards 
over others. This current-intensity is io 4 times as great 
as the earth-air currents measured by the ordinary methods 
of atmospheric electricity. The elucidation of this dis¬ 
crepancy between the magnetic and electric results must 
await more accurate magnetic measurements. For the 
present the possibility must remain open, that an appreci¬ 
able part of the magnetic field near the earth’s surface 
—not more than 3 per cent, of the whole—may be due 
to earth-air currents, and not possess a potential.* 


The External Part of the Earth’s Field 

Subject to a slight uncertainty due to a possible non- 
potential field, the expressions for 12 0 (p. 21) found 
separately from the north and east components of hori¬ 
zontal force are in agreement with one another. If the 
field were wholly of internal origin, the potential 12' of 
the irregular field, at any point above the earth’s surface, 
would be given by 

12 ' = ^3 C 2 S 2 (/, A) -f- ^ C3S3 (/, A) + . . . ; 

the corresponding value of Z', the inward radial component 
of the irregular field, would be given by 



so that at the earth’s surface (r = a ), 

3 .... 

The observed distribution of Z' is found to agree sub¬ 
stantially, but not exactly, with the expression thus ob¬ 
tained from the independent measurements of X' and Y'. 
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The small discrepancy may be due either to errors in the 

three sets of data (X', Y', Z'), or to the existence, in the 

field near the earth’s surface, of a small part due to external 

causes. The potential of this part would be expressible 
in the form 

- c&i + £ cjs; +.. 


and the corresponding part of Z' by 



• > 


or, at the surface, by 

2C2S2 + 3 C3S3 + . . . . 

Owing to the difference between this and the preceding 
expression for Z' (corresponding to an internal field) it is 
possible to determine the internal and external parts of 
, and therefore of the irregular field (apart from any 

non-potential part). 

With the data at present available, the possibility is 
left open that a small part of the field near the earth’s 
surface, not more than about 3 per cent, of the whole, 
may be of external origin, due to electric currents flowing 
somewhere above the earth’s surface. Thus, allowing 
for a possible non-potential part of similar magnitude, 
we may say that at least 94 per cent, of the field has a 
potential, and is of internal origin. The components of 
the successive harmonic terms in the irregular part of the 
held decrease outwards proportionately to 1 /r 4 , 1 /r 5 , . . . . 
fence, apart from the uncertainty due to the non-potential 
and external parts of the field, the importance of the 
irregular field relative to the regular field must steadily 
decrease outwards. 


The Upward Decrease of the Earth’s Field 

The upward decrease in the earth’s field is thus ap¬ 
proximately as ^/r 3 , or, writing r = fl + /r, as(i + h/a)~ 3 . 
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For small heights this is i — 3A/a ; if A is measured in 
kilometres, any component will be decreased by a fraction 
A/2123 of itself at height A. For example, at the equator 
the horizontal force (-3T) will decrease by about 147 in 
1 kilometre. This is too small to measure in the ordinary 
way, since accurate magnetic measurements cannot be 
made in balloons, while mountain and valley observations 
may not be comparable, owing to field-irregularities due 
to the mountains themselves. Certain radio measure¬ 
ments, however, depend on the magnetic field at the level 
of the ionized layers in the upper atmosphere, at heights 
of 200 km. or more : there the expected reduction of the 
field is of the order 10 per cent., and the radio measures 
actually indicate such a decrease. 

Other phenomena that depend on the earth’s magnetic 
field outside the earth, at still greater distances, are the 
aurora polaris and the cosmic rays. Both are due to 
electrified particles coming from afar, in the former case 
from the sun and in the latter from the depths of space. 
When they approach the earth, while still at a distance 
of many earth-radii, they are deflected by its magnetic 
field, which diverts them preferentially to high magnetic 
latitudes. 

The Technical Importance of the Earth’s 

Magnetic Field 

The most widespread and the earliest technical applica¬ 
tion of the earth’s magnetic field is to navigation, depending 
on the directive action of the field upon the compass needle. 
This use has now extended to aerial navigation. Another 
application of almost equal importance and long standing 
is to surveying, both on the surface and in mines. All 
these applications depend, for their full development, on 
the existence of isogonic charts of recent date, in order 
that true bearings may be obtained from magnetic bearings 
by correction for the magnetic declination. 

Another important economic application of the earth s 
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field relates to the search for valuable minerals or oilfields. 
In many cases such deposits produce or are associated 
with local disturbances in the earth’s magnetic field. The 
observation of such disturbances, by instruments specially 
constructed for the purpose, is often helpful in locating 
valuable mine or oil fields : the results are usually inter¬ 
preted in conjunction with geological data or with geo¬ 
physical measurements of other kinds. 

The earth’s magnetism influences practical affairs in 
other ways : it affects the propagation of radio waves. 
At times of disturbance of the magnetic field (cf. Chapter 
II) it may seriously affect long distance transmission. 
Moreover, at such times it often hinders cable telegraphy. 


The Rotation of the Earth’s Field 

The field of an elementary magnet consisting of two 
equal and opposite poles w, — m at closely neighbouring 
points 1 , P has axial symmetry about the line P'P. There 

1S L n °* m l i he P hrase the rotation of the magnet 

about P I, if the poles are regarded as mathematical points. 

t the magnet is moved in a circle about an axis O'O 

parallel to P P it may be said to revolve round O'O ; but 

its motion is still one of translation and not of rotation, 

and its field also must be thought of as translated and not 

rotated. A magnet always directed perpendicular to O'O, 

and carried round in the same circle, would, however, 

' n Ration as well as in translation, and its field would 
snare this rotation. 

-_T» e earth>S fie ! d C ° uId be Produced by a collection of 
whethe^f^ d'stributcd somewhere in its interior: 
due tr. 1 ? SC ma S n o t s are particles or electromagnets — 

ec roi ? s c J rc fing around nuclei or flowing in ordi- 
nary current circuits-they may be thought of as resolved 

to t0 th °S entS . res P ective *y Parallel and perpendicular 

Smnonen? h S 3X18 0f rOtati0n - The fields ° f the axial 

earth Thffi V are f tr f slated but not rotated with 
> the fields of the transverse components are 
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rotated as well as translated. The distinction may, 
however, be disregarded for all ordinary purposes ; the 
.inequalities in the earth’s field travel round with it in its 
diurnal rotation. 

The Cause of the Earth’s Magnetism and its Secular 

Variation 

It has been seen (pp. 16-20) that the earth’s regular 
field might be due to a uniform distribution of magnet¬ 
ization of intensity 0*075 throughout its volume, or to a 
uniform distribution of intensity k 3 X 0*075 throughout 
a concentric core of radius smaller in the ratio i/k (k> 1). 
The surface layers are not magnetized (on the average) 
to the intensity 0*075, an< ^ on accoun ^ progressive 

downward increase of temperature, the earth s substance 
seems unlikely to be magnetizable at all below a very 
moderate depth. It has been thought that the associated 
downward increase of pressure might raise the limiting 
temperature above which the power of retaining mag¬ 
netization is lost, thus preserving the magnetizability to 
somewhat greater depths; but experiments have not 
confirmed this supposition—the pressure having a slightly 
contrary effect. However, the pressures attained deep 
within the earth far transcend those with which it is at 
present possible to experiment in the laboratory. Hence 
we cannot exclude the possibility that in or above the 
earth’s metallic liquid core the material is magnetizable, 
and may in this way be responsible for the earth’s field : 
whether or not this is actually the cause of the field must 
for the present remain a matter merely for conjecture. 

The field may, on the other hand, be due to a system of 
electric currents flowing within the earth, around the 
earth’s axis. This is likewise a pure speculation. The 
question of the prior cause arises in either case : we do 
not know how either magnetization, or electric currents, 
could originate in the course of the earth’s history. It 
there are such electric currents, however, and if they are 
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not continuously maintained, they would slowly decay 
owing to the electrical resistance of the earth. The time 
of decay would depend on the electrical resistivity of the 
material traversed by the currents ; we have some informa¬ 
tion (pp. 52-55) about the resistance within the earth, 
but it relates only to a depth that is small compared with 
the earth’s radius. Below that depth (perhaps a tenth of 
the radius) we have little positive knowledge, and the 
great pressures place the physical state of the matter 
beyond our experience. It is known, however, that the 
time of decay of a system of currents of given type, in 
material of given resistance, is proportional to the linear 
size of the system; hence it may be very long for a body 
so large as the earth. An alternative suggestion has been 
made that the electric current system, instead of freely 
decaying, may be continuously maintained by electro¬ 
magnetic induction ; convective motion in the liquid core, 
in meridian planes, might, in conjunction with the mag¬ 
netic field, be able to induce electromotive forces such as 
would balance the resistance losses. During the past 
century the earth’s regular field actually seems to have 
decreased (p. 20), but only long continued observation 
can show whether this decrease corresponds to an ex¬ 
ponential decay ; without this knowledge a decision be¬ 
tween these alternative current-hypotheses must remain 
in suspense. 

I ^ ^ a more fundamental kind have 

been made, in the attempt to account for the earth’s field 
as a consequence of the earth’s rotation : for this purpose 
general properties of matter have been invoked, differing 
inappreciably from those already found by experiment, 
un er the conditions and on the scale available in the 
a oratory, but sufficient, in the case of a body so large 
as the earth, to have magnetic results of the observed kind. 

ome care is necessary, in forming such hypotheses, to 
avoid demonstrably untrue consequences of other kinds. 

u theories devised ad hoc> to explain one particular 
p enomenon, are of comparatively little interest unless 
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they are capable of predicting some other, unknown, 
consequence that can be tested by experiment. Success 
of this kind has not been achieved. Moreover, such 
theories can, by their very nature, account only for the 
component of the earth’s magnetic moment along the 
geographical axis. The transverse component, to which 
is due the obliquity of the magnetic axis, is a substantial - 
fraction of the axial component, and still requires explana¬ 
tion by further hypotheses. The same is true of the 
regional irregularities of the field. 

The secular variation, like the main field, is also as yet 
quite mysterious and unexplained. It seems to imply con¬ 
siderable changes in the earth’s interior, of which we have 
little other indication. Perhaps the most likely speculation 
is that there is some internal convection proceeding within 
the earth, at different rates or at different depths in different 
regions ; the motion may be supposed either to induce 
regional electric current systems, or, by changing the 
distribution of heterogeneously conducting material, to 
modify the path of existing electric current systems; 
in either of these ways the regional irregularity of the secular 
magnetic variation might be accounted for. 



CHAPTER II 


THE TRANSIENT MAGNETIC VARIATIONS 
The Sunspot Cycle; Sunspot Numbers 

T HE number and area of the spots on the sun vary, 
there being at times no spots, and at other times many. 
Io each day there is assigned (at Zurich) a daily sunspot 
number characterizing the degree of spottedness of the 
sun on that day, taking into account both the number and 
the areas of the spots. The monthly and annual means 
or these daily numbers are called the monthly and annual 
mean sunspot numbers. The daily numbers vary some¬ 
what irregularly : the monthly numbers naturally “ run ” 
more smoothly, and the annual means still more so. The 
atter clearly show a roughly periodic variation, the period 
^emg about eleven years from one “ sunspot maximum ” 
(or minimum) to the next (see Fig. 29, p. 102). The 
variation in the spottedness, from minimum to maximum 

and back to minimum again, is called the solar or sunspot 
cycle. 1 

Quiet and Disturbed Days ; Character Figures 

, ^ le continuous magnetic records of any observatory 
s ow that on some days all the three elements undergo 
smooth and regular variations, while on others they are 
more or less disturbed. Days of the first kind are said 
to be magnetically quiet or calm (at that station) : days of 
the second kind are called magnetically active or disturbed 
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For many years an international scheme has been in 
operation by which, at each observatory, a figure o, 1, or 2 
is assigned to each Greenwich day (from midnight to mid¬ 
night) according to the magnetic character of the day at 
that observatory. The figure o refers to conditions quieter, 
and the figure 2 to conditions more disturbed, than the 
average. The classification is generally made by simple 
i nspection of the records of the three elements for the day ; 
thus it has no definite quantitative basis, and the standard 
of disturbance required for a figure is apt to be raised 
during periods of more than usual activity or disturbance , 
and to be lowered during quiet periods. The standard 
also varies from one observatory to another, according to 
the general level of disturbance at each. 

The daily figures from all the co-operating observatories 
are sent to a central office (at de Bilt, Holland) where the 
average for each day is taken. The resulting figure, to 
one place of decimals, is called the international magnetic 
character figure for the day : of course it lies between 0 0 
and 2-o. 

It is found that, on the whole, the day-to-day changes 
in the intensity of disturbance follow a similar course over 
a wide area, and that days classified as 2 at one observatory 
are usually classified as 1 or 2 at others, and only rarely as 
o : likewise quiet conditions are usually widespread. 

On the basis of these international character figures, the 
central office selects five of the quietest and five of the most 
disturbed days in each calendar month ; these are called 

the international quiet or disturbed days. 

Attempts are being made to improve the daily classifica¬ 
tion, or to replace it by one based on a more quantitative 
method. But the figures obtained by the simple method 
described have proved of great value in many types of 
magnetic investigation. 

The Three Main Transient Variations : S, D and L 

The degree of magnetic activity varies from day to day 
over a wide range, and few days seem wholly free from 
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disturbance. But, except in periods of extreme activity, 
it is quite evident that the disturbance is superposed on 
a regular daily variation. This may be called the solar 
daily variation, to distinguish it from another regular daily 
variation which the magnetic field is found to undergo, 
depending on lunar time. For brevity it is convenient to 
refer to these two daily variations by the letters S (solar) 
and L (lunar). The former is seen in its pure form on 
quiet days, and it is convenient then to denote it by S^. 
rhe letter D may likewise be used to refer to magnetic 
disturbance.* These three variations, S, L and D, to¬ 
gether with the secular variation, comprise the most im¬ 
portant of the changes in the earth’s magnetic field. Since 
k , D and L, unlike the secular variation, produce no large 
and long enduring change in the earth’s field, they may be 

Ca, rk • trans * e . nt magnetic variations. 

There is one important distinction between S and D on 
e one hand, and L on the other: the former can be re¬ 
cognized at sight from the magnetographs, whereas L 
cannot, because it is of much smaller range ; it can be 
e ermined only by averaging over many days. But its 

sma magnitude does not detract from its great theoretical 
interest and significance. 

Each element is affected in a characteristic way by each 
0 e t ree types of variation S, L and D. Hence a single 
o ser\atory provides material for nine separate investiga- 
10ns on the nature of S, D and L in each of the three 

magnetic elements. 

T hc refute of such studies from a number of observa¬ 
nt e Jy distributed in latitude and longitude must be 
nf t? C u™ synthesized, if a comprehensive understanding 
w _ r , e if 1^°. mei ) a * s t0 be gained. For completeness this 
r S .i 0U ^ done not only for S, L and D as determined 
_ ™ thC mean one or more years, but also for each 
an* se P aratel y> because both their type and their range 
round to vary in the course of each year. Moreover, 

‘he*re T s h e e em^l,! > y r bo1 f is us , ed . for the magnetic declination, but 
8eems I,ttle fear of confusion on this account. 
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their range, and the incidence of D, vary from year to year, 
requiring a further extension of the investigation, for dif¬ 
ferent years. The study of the transient magnetic variations 
is thus a complex, laborious and extensive task. The 
description and concise representation of the leading 
facts, when found, is also somewhat difficult. Only grad¬ 
ually, over a long period of time, have suitable methods of 
representation and investigation been evolved—methods 
which are likely to be of great value also in allied fields of 
geophysical study that have been more recently developed. 

Observatory Data 

It is customary at magnetic observatories to measure the 
value of each element hourly. Before photographic regis¬ 
tration was introduced, this was done by eye readings, 
but it is now done from the magnetographs. The measure¬ 
ment may be of the value at an instant, but this has the 
drawback that a chance disturbance may make an instan¬ 
taneous value unrepresentative of the value of the element 
at neighbouring times. Hence at many observatories the 
practice is to measure the mean values of the elements for 
hourly intervals. Usually these intervals extend from one 
exact hour to the next, but at some observatories intervals 
centred at such exact hours are used instead. 

The time-reckoning to which these hourly measures refer 
may be the local time of the observatory, or the standard 
zone time for the region in which it is situated (that is, 
time differing by a whole number of hours from Greenwich 

mean time). 

In any case, successive hourly values of each element are 
obtained and tabulated. Where hour-to-hour means are 
used, the mean of the 24 values for each day, covering the 
period from midnight (o*) to the following midnight 
(24*), is called the daily mean value. Where instantaneous 
values are measured, or hourly means centred at exact 
hours, the daily mean is the average of the 24 values con¬ 
sisting of the measures for the hours 1 to 23, together with 
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the mean of those for 0 and 24 ; the measures for o A 
and 24 a usually differ, and the difference (24' , )-(o A ) is 
called the non-cyclic or non-periodic variation for the day. 

Where hour-to-hour means are used, this non-periodic 
variation can be measured by 


M(* 4 i) + (23^) - (o£) - (- oj)}, 

where the figures in brackets refer to the hourly means 
centred at the epochs indicated. The non-periodic varia¬ 
tion of course includes a part due to the secular variation, 
but in a single day this is quite insignificant. 

Many observatories publish for each day the absolute 
maxima and minima of each element (sometimes giving 
also the times at which they occur), or, alternatively, the 
difference between them, which is the absolute daily range 
for the day ; it may be denoted by R, with suffix H, D, V 
for the element concerned. This usually exceeds R' 
(with the same suffix), defined as the range of the tabulated 
hourly values for the day. In connection with some in¬ 
vestigations the hourly range , or range during each hour, is 
considered : it may be denoted by r, with suffixes for the 
nour and element concerned. 

Besides the mean of the hourly values for each day 
(i.e. the daily mean), many observatory year-books give the 
mean of the hourly values for each hour, for all the days of 
each month, and often also for selected groups of days 
(usually the mternatioud five quietest and five most dis- 

t - bed , da . ys ]: The se quence of mean hourly values thus 
o ained indicates the mean daily variation for the month 

(or tor the selected days in the month). The sequence 
may contain 24 or 25 values ; in the latter case it may re- 
ter t° the hours o* to 24*, or o\ h to 24^ ; the difference 
between the last and first gives the mean non-periodic 
vanation for the month or group of days. 

I he mean of the daily mean values for the month (or 
y ar) is called the monthly (or annual) mean value ; group 
mean values may likewise be formed from the daily means 
tor groups of selected days. When the monthly or group 
3 
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mean value is subtracted from the corresponding sequence 
of hourly means which gives the daily variation, a sequence 
of hourly departures from the mean is obtained ; this is 
called the mean daily inequality for the month or group of 
days. If these departures are plotted against the time, 
the curve or graph obtained is called the daily variation 
curve for the element. The daily inequality (and its graph) 
obtained from the five quietest days per month may he 
taken as fairly representing (p. 31) except for months 
in which even these days show appreciable disturbance. 
It is true that S Q thus determined includes also the secular 
variation and the lunar daily variation ; these can be allowed 
for if desired, but they are usually so small that this is 
considered unnecessary. 

The Annual Variation of the Magnetic Elements 

The monthly mean values of the magnetic elements 
show very little systematic variation throughout the year, 
when the secular variation has been allowed for. Thus the 
elements have scarcely any annual variation , such as is 
shown by many meteorological elements—especially the 
air temperature and, in some regions (such as Siberia), 
the barometric pressure. 

S<7> bj, and S D 

Except at stations in high latitudes, and except in months 
including especially great disturbance, the mean daily 
variation S obtained from all days of a month does not 
differ much from S ff , the mean daily variation obtained 
from quiet days. Even w r hen S is derived from a set of 
ordinarily disturbed days, such as the five most disturbed 
days per month (in which case it may be denoted by S d ), 
it does not differ very greatly from except in high lati¬ 
tudes, provided that the average is formed from many days 
(that is, from five days each from many months) in order 
to eliminate the irregularities associated w T ith individual 
periods of disturbance. 
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This similarity between S, and S or S,, implies that 

average days, and ordinarily disturbed days, differ from 

quiet days mainly through irregular variations that nearly 

average out, at each hour, in the mean of a number of days 

—so long as attention is confined to low and middle lati- 

tudes. But the disturbance does not quite average out : 

there ts a systematic difference between S Q , and S or S, ■ 

it can be represented by a sequence of hourly differences! 

I his sequence may be denoted by S - S„ when the 

hourly departures for quiet days are subtracted from those 

or all days ; or by — S a , when the hourly departures 

P r f ^ UI | t da y s are subtracted from those for disturbed days. 

oth b S, and S d — S, are due to disturbance, the 

T:v gC , lnten , Slty bemg 8 reater in the latter case ; this part 
ot the disturbance, being a solar daily variation, may con- 

niently be denoted by S D , and called the disturbance daily 

Zl\\ i ° n aVerage days S » is combined with S D in 

all intensity to give S, while on disturbed days S, is 
m nned with S 1} in decidedly greater intensity. " 

D > S D , D m , D J( and D, 

of 1 rlmfl ance in middle and >ow latitudes consists largely 
of irregular variations, but includes a portion which is 

rrr/ r i late r d f t0 the time of da y. P namely the part 

Changes fro^H ' X We u COuld Se P arate the ^urbance 
(duetto S I 16 1 ° t 1 iers that arc s'tnultaneously proceeding 

from the Ait & K d 10 f CU,ar vanati on) and then subtract 

fe et U Jr f Ch ? eS this s y stemat ic part S D) the 
merence would be found not wholly irregular There is 

IL deZr ° f D Whic f <!>« d4 mean vS of 

can 1 ° 3S , t0 decrease H and increase V. This 

mc „ on li !l subtracting the mean values of the ele- 

bufereater ^ th r f "u tb \ Same sense the two cases, 

as w 8 ould L expecter r Tt " Z ^ difference - 

to this aver part D w ^ich corresponds 

may be denoted bvT ‘"it Va ‘ Ue ° f the eIements 

y D m , it is on the average the daily mean 
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of a part of D, which may be denoted by D 5< , that depends 
on “ storm-time ” (p. 76). When not only S D but also 
D 5i is subtracted from D, the remainder appears to be 
quite irregular, and may be denoted by D*. 

The Dependence of S a and S d on Local Time 

One fortunate regularity in the great mass of facts about 
S Q and S D is that, at a given epoch, these daily variations 
depend mainly on latitude and local time, and not also on 
longitude. The same applies to L relative to local lunar 
time. This means that they are substantially the same at 
all the stations round any circle of latitude, at corresponding 
local times. There is probably less difference, for example, 
in the daily variation of H at different points along the 
equator than there is between the daily variation of air 
temperature at continental and oceanic stations on the 
equator. 

These remarks apply particularly to middle and low 
latitudes ; in high latitudes the obliquity of the magnetic 
axis makes the longitude more significant, but even there 
the daily variations seem to be nearly the same, at corre¬ 
sponding local times, at stations in the same magnetic 
latitude (p. 19). 

Thus S0 and S D , at any given epoch, depend on two 
variables, latitude / and local time t y instead of on three, 
namely, /, t and the longitude A. Hence each of these two 
types of daily variation can be illustrated by one set of 
curves for each element, showing the daily variations ex¬ 
perienced in a series of latitudes, on a local-time scale of 

abscissae. 

The Geographical Distribution of the S* and S d 

Fields 

The daily magnetic variations and S D , as also the lunar 
daily variation L, and the parts of D, namely D m (or D s *) 
and D if can usefully be thought of as due to independent 
magnetic fields superposed on the main field and on each 
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other. The S 7 and S D fields, and also the L field, are 
specified at each place and time by the corresponding de¬ 
partures of the three elements from their mean values ; 
similarly for D w , D 8t and D,. The D t field may be ex¬ 
pected to have an irregular geographical distribution, 

irregularly with the time ; the other fields, of 

S3, S D , L and D m (or D 5( ), may be expected to show more 
regularity and sim¬ 
plicity. It is of course 
difficult to visualize 
vector fields, especially 
when they are changing 
with the time. But the 
fact that S 0 , S D and L 
depend on latitude and 
local (solar or lunar) 
time, and are indepen¬ 
dent of the longitude, 
helps greatly in form¬ 
ing a mental picture 
of these fields. This 
can be explained most 
simply by considering 
some single geophysical 
property which de¬ 
pends on the local 
(solar) time, such as 
air temperature or any 
one magnetic element 
(instead of considering 
the vector quantity, 

35 ^^ whlch has three components). It will 

convey the idea involved, if we consider 

earth’s a vi nN P ° ChS ’ m March and September, when the 
cemre oTtK N “ OT ndicuI *r to the line joining its 

onThe^l ; CCntre 9 °- * e SUn ' Let P denot « an y P^nt 

describes a ’. . some latitude /. As the earth revolves, P 
scribes a circle round the axis ON. The local time at 
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P signifies the angle, in time reckoning (24 hours being 
equivalent to 360°) between the meridian half-plane ONP 
through P, and the meridian half-plane ONC' opposite 
to that containing C ; this is indicated by 6 in Fig. 8, 
in which the earth is supposed to be viewed along its axis, 
looking toward the north pole. Thus the local time at 
P is simply the longitude of P relative to the half-plane 
ONC', which as viewed from the sun is a fixed half-plane, 
though its geographical longitude varies continuously. 

When P attains any given position as viewed from the 
sun, corresponding to any given local time, we suppose 
that the geophysical property we are considering has a 
definite departure A from its mean value, and that A 
is the same for all stations in latitude /, at the same local 
time 6 : this is what is meant when we say that the daily 
variation depends only on / and the local time. Thus 
the daily variation in latitude l may be considered either 
as a variation with time at each station, or as corresponding 
to the passage of each station through a series of positions 
(relative to the meridian half-plane ONC or ONC') each 
characterized by a particular value of A. Viewing the 
situation in the latter way, we picture a distribution of A 
over the earth, a distribution depending on / and 6 , fixed as 
viewed from the sun, though continuously varying with 
reference to the rotating earth. The distribution of A can 
be mapped, if desired, by means of contour lines through 
the points where A has given values; the map so formed 
will not, however, show the geographical features of the 
earth, such as the seas and continents, since these are 
continually shifting relative to the distribution of A, or, as 
one may prefer to say, the A distribution is continually 
varying relative to the earth, rotating round the axis, ON, 

as the sun itself appears to do. 

This way of considering the daily variation of A is merely 
a helpful way of picturing it, and if desired, of mapping 
it, as a whole ; it implies no hypothesis as to the way in 
which the variation is produced. It substitutes the con¬ 
ception of the rotation of the earth within a A-distribution 
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fixed relative to the sun, that is, a constant A-distribu- 
tion, for the conception of a time-variation at numberless 
points of the earth. The A-distribution, while regarded as 
sensibly constant during a single day, may of course be 
supposed to change slowly with the seasons. 

The simplest geophysical property that can be viewed 
in the above way is that of daylight or darkness. The 
hemisphere facing the sun is lit up (sunlit) while the 
opposite hemisphere is dark so far as direct sunlight is 
concerned. Each point P in any latitude undergoes the 
daily variation of light and darkness, as it traverses its 
path round the axis, from the dark to the sunlit hemi¬ 
sphere and back again to darkness. 

Another simple property that undergoes a daily varia¬ 
tion roughly depending on local time is the air temperature. 
This corresponds to a distribution of temperature ap¬ 
proximately fixed as viewed from the sun, the temperature 
being higher over the sunlit hemisphere than over the 

i * t * 1 ( case, however, the temperature 

distribution is not strictly constant as viewed from the 

sun, but changes somewhat according to the part of the 

earth (land or sea) presented to the sun : that is, the daily 

variation depends on geographical longitude as well as on 
local time. 

Likewise the and S D daily variations may be thought 

o as indicating the existence of two magnetic fields, 

cistributed in certain definite ways, constant as viewed 

rom the sun. No attempt need be made, however, at 

this stage to form definite pictures of these fields : this 
will be considered later (p. 58). 


The D Field 

Magnetic disturbance may be regarded as indicating 
ie superposition of an additional transient magnetic (D) 
he d upon the main field and the S„ field. The D field 

tl? * u< ^ e t ^ le field, which in fact is the part of D 
mat has a regular dependence on the orientation of the 
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earth relative to the sun. The rest of the D field can be 
divided into a part D gt which is symmetrical about the 
earth’s axis, but which varies with time, both in form and 
intensity ; and a remainder which varies irregularly 
with the time, and is somewhat inconstant in its geograph¬ 
ical distribution. 


The L Field 

The lunar daily magnetic variation L is, in the main, 
dependent on lunar local time, that is, time reckoned 
from the hour at which the moon crosses the (upper or 
lower) meridian of each station. It can be regarded as 
due to the existence of a very weak magnetic (L) field which 
has a definite distribution over the earth, as viewed from 
the moon. But its distribution, as will appear (Chapter IV), 
is also much affected by the sun. 

The first aim of the study of the magnetographs, drawn 
from many observatories, must be to ascertain the nature 
of these three fields, S 0 , D, and L, near the earth's surface . 
This is a necessary step towards the further object of 
determining the distribution of the same fields elsewhere, 
within and above the earth : and towards the ultimate 
goal, the explanation of the physical causes or origins of 
these fields. 



CHAPTER III 


THE QUIET-DAY SOLAR DAILY MAGNETIC 

VARIATION S„ 

Daily Variation Curves for S, ; 

T HE material for the study of consists essentially 
of the solar daily inequalities (p. 34) of the three 
elements, from a number of observatories, in different 
atitudes. These may be represented by curves, one for 
each element in each latitude considered. The ordinates 
are departures of the element from its mean value, 

tL iff nt hours of local time. Such curves are given in 
e eft-hand portions (a) of Figs. 9, 10, 11, for observatories, 
or groups of observatories, as follows : 

(1) Sitka, magnetic latitude 6o°. 

(2) Pavlovsk, magnetic latitude 56°. 

(3) P°la, Potsdam, Greenwich, mean magnetic latitude 
5 1 • ^ 

(4) Zikawei, San Fernando, Cheltenham, Baldwin, 40°. 

( 5 ) Batavia, Porto Rico, Honolulu, 22 0 . 

The curves refer to the mean of one or more years. For 
s a 10ns in southern latitude /, the curves for H are ap¬ 
proximately the same as for northern latitude /, while for 
an or the declination they are reversed on crossing 
0 equator. Thus the Z and declination curves may be 

u°- rec ^ uce t0 zero amplitude at the equator; 

™ eir revef sal occurs through transitional stages 
not of zero amplitude. 
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Fig. 9.—Quiet and disturbance daily variations in H (p. 41)- 


IHE QUIET-DAY SOLAR VARIATIONS 
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4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 H. 
Fig. io. Quiet and disturbance daily variations in V (p. 41 ). 
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Fig. ii.—Q uiet and disturbance daily variations in W. Dec. (p. 4 1 )- 


i 
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The curves ( b) and (c) in Figs. 9-11 represent S D , derived 
from groups of days of different disturbance intensity. 
The curves (c) are derived from all days minus quiet days, 
and the curves (6) from days of considerably greater dis¬ 
turbance (less S c ). It is clear that, as stated on page 34, 
S D is small compared with S a on ordinary days, over the 
range of latitude — 50° to -f- 50°, that is, for the curves 
(3) to (5) i but in the case of V the curves i(r) and 2(r), 

for magnetic latitudes 6o° and 56°, have a greater range 
than 2 (a). * 8 


Vector Diagrams for S 7 

Another method of representing S 7 at any one station, 
which takes account of the vector character of the mag¬ 
netic field or force F, is by means of a vector diagram. 
Let F be represented in direction and (on some chosen 
scale) in magnitude by a line O'P, where O' is a fixed origin ; 
as varies, the end P of the line O'P will move in space. 
11 the mean position of P be O, then OP will represent the 
eparture of F, at any time, from its mean value. In 
s udying S, L and D we are mainly concerned with this 
departure OP, and not with the mean vector O'O, which 
usually far exceeds OP in length. 

If we confine attention to that part of the magnetic 
\ ariation which has a solar daily period, and, in particular, 
? Qi . e non "periodic variation having been allowed for, 
the. point P daily describes a closed curve. It is con¬ 
venient to imagine that the points of this closed curve 
at correspond to exact hours of local solar time are marked 
an numbered accordingly, so that not only the course 
hut also the rate of the variation of F is indicated. This 
urve, with its origin O, constitutes what is called the 
agne ic vector diagram of S ff for the station considered. 

nni+L ge r er .^ not a Pl ane curve, and hence cannot be 
3 simply illustrated on flat paper ; for this reason it 

t v U u °™ ary , t0 cons ider its plane projections on either 
ne h °nzontal or some vertical plane. The horizontal 
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projection can be drawn by consideration of the S Q varia¬ 
tions in H and D (declination) alone ; the variations of 
H and Z similarly give the projection on the vertical plane 
passing through the compass direction at the point—the 
so-called magnetic meridian plane. Fig. 12 gives examples 



Fig. 12.—Quiet-day vector diagrams of the daily variation of 
magnetic force in the horizontal plane at Greenwich, 1889- 
1914. 

I. June, sunspot maximum years. 

II. June, sunspot minimum years. 

III. December, sunspot maximum years. 

IV. December, sunspot minimum years. 

of horizontal vector diagrams for Greenwich. The larger 
curves refer to a summer month (June) and the smaller 
to a winter month (December). In these curves the part 
which is described during the hours of daylight is em¬ 
phasized by being drawn especially thick. 
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The Contrast Between the Day and the Night 

Changes in S r/ 

Such vector diagrams illustrate a notable feature of S, /f 
which can also be seen, though perhaps less readily, in 
the daily variation curves for the separate elements : 
namely, that the S Q variation is greater and more rapid 
during the hours of daylight than of darkness. It suggests 
that the S r/ field is more intense and varied over the hemi¬ 
sphere of the earth that is turned towards the sun, than 
over the dark hemisphere. It implies not only that the 
sun is the ultimate cause of S Q , but also that the agent 
whereby the sun exerts its influence is something which, 
like the sun’s heat and light rays, travels in straight lines 

rom the sun and falls only, or mainly, on the side of the 
earth visible from the sun. 


The Annual Variation of S n 

Another notable feature of S„ which confirms this view 
is the annual variation of amplitude (as well as type) at 
stations in moderate and high latitudes. This is illus- 
rated by the Fig. 12, which contrasts the summer 
(June) and winter (December) horizontal vector diagrams 
or reenwich. Clearly S Q is much greater at that station 
summer than in winter. Corresponding diagrams for 
other stations show generally that S q is greater in pro- 

!w 10n 1 S t , 1 . C ex P osure .of the station towards the sun, 
and. 1I prolong j Urna ^ rota ^ on °f the earth, is more direct 

J-!r r “P u ects , S ? ‘s ‘ike the daily variation of air tem- 

u Wh,Ch obvlous 'y depends on the reception of 
the sun s heat rays ; these are more direct, and are received 

arger fraction of the day in summer than in winter. 

S, and the Sunspot Cycle.* 

important fr ° m . the air ‘ tem perature variation in one 

P nt respect; its amplitude is notably greater in 

# See p. 29. 
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years of sunspot maximum (see p. 29) than of sunspot 
minimum ; this also is indicated in Fig. 12, which gives 
both summer and winter curves for each type of year 
separately. The curves for sunspot maximum years are 
decidedly larger than those for minimum years. This 
remarkable fact not only emphasizes the conclusion that 



Sg is caused by the sun : it shows that the solar agent is 
not the heat and light radiation that we can directly measure , 
because the intensity of this radiation varies scarcely, if at 
all, in correspondence with the sunspot cycle. 

The variation of S ff with the sunspot cycle can be illus¬ 
trated also by comparing the variations, from year to year, 
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in the range (R) of the annual mean S Q , with those of the 
annual mean sunspot numbers 5 (p. 29) as in Fig. 13. In 
this figure R refers to the quiet-day variation of horizontal 
force at Bombay ; the period chosen is the eleven-year 
cycle 1894-1905. It is clear that the variations of R and 
?> while not strictly parallel, are closely similar. There 
is a wealth of evidence to the same effect, for other years 
elements and stations. 9 

These facts about S f/ can be summarized by saying that 
the S 0 field is more intense over the sunlit than over the 
dark hemisphere of the earth, and (at the solstices when 
the northern and southern hemispheres are unequally 
exposed to the sun’s rays) over the summer than over 
the winter hemisphere: further, its intensity as a whole 
varies in correspondence with the sunspot cycle, being 

from 50 per cent, to 100 per cent, greater at sunspot 
maximum than at sunspot minimum. 

The Day-to-Day Variability of S (; 

Yet another interesting and important characteristic of 

, u ltS , vanatl , 0n of ran 8 c from da y to day ; this appears 
to be independent of any admixture of S D or other effect 

of disturbance, since it is shown even when only the 
quietest days are considered. After fully allowing for the 
regular annual variation of range (and also for the year- 
to-year variation of range connected with the solar cycle) 
the range is found to vary irregularly from day to day. 
It n shown particularly well when groups of several suc¬ 
cessive very quiet days, such as occur fairly often (especi- 

2 L;" SUn * pot minlmum years), are examined. The 

element™ ° f ran 8® are not proportionate for different 

ment? a H ff n the - Same Station ’ nor the same ele¬ 
ments at different stations : there is, however, a correlation 

sometimes considerable and sometimes very small but 
m diff y t 3 . WayS P ° Sltlve - between the changes of range 

If ?h! r e anL ment8 r d ^ the Same ° r ^rent stations 
If the range everywhere and in all elements varied from 

4 
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day to day in the same ratio, it would correspond to a change 
in the intensity, without change in the “ form ” of the 
field : the actual changes of ratio show that the field varies 
somewhat in form as well as in intensity. 

The Mathematical Representation of S 9 

For some purposes it is of value to express in mathe¬ 
matical terms. The first stage in this process is to make 
a harmonic or “ Fourier ” analysis of the daily variation 
curve or inequality for each magnetic element at each 
magnetic observatory. The curve is thus represented as 
the sum of a number of simple sine or cosine waves, 
periodic in the day or in simple fractions of the day (£, 3, ], 

. . .); the mathematical expression of the departure from 
the mean at the local time t is of the form: 

Z(a n cos nt + b n sin nt) 

= a 1 cos t + b x sin t 
+ a 2 cos 2t + b 2 sin 2 1 
+ a 3 cos 3 1 + b 3 sin 3/ 

+ a 4 cos 4 1 + b x sin 4 1. 

The first two terms (n = 1) represent the part periodic 
in a whole solar day ; this is called the “ diurnal com¬ 
ponent The next two terms ( n = 2) give the semi¬ 
diurnal component, or part periodic in half a day, and 
so on. Further terms might be added but are not usually 
included : the terms here indicated give a good approxi¬ 
mation to the observed curve. Sets of eight “ harmonic 
or “ Fourier ” coefficients a lt b v a 2 , . . . b A are obtained 
for each element at each station : since there are three 
elements, each observatory supplies 24 such coefficients. 
Each of these is dependent on the latitude, and 24 curves 
may be plotted showing how each coefficient varies with the 
latitude: because there are six curves for each of the four 
periodic components (w), namely an a n curve and a b n 
curve for each of three elements. The elements here 
considered may be H, D, Z, or X, Y, Z ; the three last 
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are the most appropriate in the further work to be dis¬ 
cussed. 

From these 24 curves it is possible to find fairly simple 
mathematical expressions for each Fourier coefficient, 
in terms of the latitude, using for this purpose certain 
mathematical functions that are specially appropriate for 
physical quantities distributed over a sphere. This second 
stage in the process of mathematical representation of 
s 0 * s called spherical harmonic analysis, to which the ordi¬ 
nary Fourier analysis is a necessary preliminary. It is in 
fact found that, for the annual mean S 7 , a single spherical 
harmonic function suffices to express, to a first approxima¬ 
tion, the latitude distribution represented by each of the 
curves. The representation is direct in the case of Y and 
/, while the differential coefficient of the function with 
respect to the latitude represents the X curve. But the 
number of different functions involved is not 24 ; for 
each periodic component n (n = 1, 2, 3, 4) the six curves 
(an a curve and a b n curve for each of three elements) 
are aH associated with the same function (usually denoted 

h Y A »+i) ’> onl y the numerical coefficients differ from one 
curve to another. Thus the 24 curves are associated with 
only four functions PJ, P§, PJ, P |. Further, the and 
„ curves for X give approximately the same numerical 
factors as the two Y curves ; the two Z curves give two 
different factors. Hence there are only sixteen numerical 
coefficients (eight for X and Y and eight for Z ; in each 
case one for each a n and one for each b n ). The expression 
of so many observed data by so few mathematical functions 

and factors is a notable fact, greatly simplifying the analysis 
and discussion of the material. J b y 

At the solstices (June and December), when there is 
summer m one hemisphere and winter in the other the 
distribution of S is less simple, since it is not symmetrical 
or ant.symmetr.cal) with respect to the equator At 

of fom ght harm0n,C functi °ns are then required, instead 


^ C-, i is . 
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The External and Internal Parts of the S 7 Field. 

The fact that the S 7 variations in X and Y are expressible 
in terms of the same spherical harmonic functions—with 
the same numerical factors—indicates that the S 7 field near 
the earth’s surface has a potential (cf. p. 21). This implies 
that the field is produced by magnetism or electric currents 
not situated in the space near the earth’s surface, where 
S 7 is measured. Further, the difference between the pair 
of numerical factors associated with X and Y, and the pair 
associated with Z (for each periodic component) implies 
that the S 7 field is not produced wholly below the earth’s 
surface (as is substantially the case for the earth’s main 
field), nor wholly above it. It is partly produced above, 
and partly below, and the two parts can each be determined 
from the four numerical factors. This analysis, the possi¬ 
bility of which was indicated by Gauss, was first made by 
Schuster. His analysis, and later analyses of the same 
kind, have shown that the major (“ external ”) part of the 
S 7 field has its origin above the earth. The minor (“ in¬ 
ternal ”) part, which has its source within the earth, con¬ 
tributes between a quarter and a third of the field near the 
earth’s surface. The S Q variations due to the internal and 
external parts of the field reinforce one another so far as 
concerns the horizontal part of the S 7 field, while in the 
vertical component they are opposed. The internal and 
external parts of are somewhat different in phase, that 
is, in the time at which they attain their maxima ; the 
phase difference is nearly the same for all four periodic 
components. Also the ratio of the amplitudes of their 
numerical coefficients is almost the same for all the four 
periodic components. 

Electromagnetic Induction within the Earth 

In the preceding section the statements as to the separa¬ 
tion of the S Q field into external and internal parts express 
facts devoid of hypothesis. It is natural, however, to con¬ 
sider whether or not the internal and external parts of the 
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field, which may conveniently be denoted by Si and 
S ? , are due to independent causes. The similarity of the 
amplitude ratios and phase differences for the four periodic 
components suggests a causal relation between the two 
parts of the field. If this is the case, we may expect the 
external part, S|, to be the cause, and the internal part, 
Sf, to be the effect, since the former is three or four times 
as great (near the earth’s surface) as the latter. 

Actually there is an obvious way in which the SJ field 
could produce an associated internal field, namely by elec¬ 
tromagnetic induction. A varying magnetic field sur¬ 
rounding the earth must induce electromotive forces in the 
body of the earth. Since the earth is to some extent an 
electrical conductor, these electromotive forces will impel 
electric earth currents. These will produce a vaZg 
magnetic field both within and outside the earth. At and 
above the surface this will be reckoned as an “ interna"” 
held, proceeding from within the earth. 

f we knew the electrical conductivity K at all points 
hroughout the earth it would be a mere matter of calcula- 

hc nature ofThT * dlS , tr ‘ bution of ea «h currents, and 
hv Ihl l f H associ f ted eternal magnetic field, induced 
by the known external S* field. If the internal field thus 

calculated agreed with the S‘ field determined directly from 

xplatfd" W° bSerV n ti0nS ’ thC ' atter WOU,d be 4 l 
explained. We could state as a fact, and not merely a , 

fieldTted bv th thC - intemal (S » ) fidd is 3 secon dary 
, induced by the primary external (SJ) field Actually^ 

saw zB 

'"Itl '““ 5 '*“{IS d ind, C c1“n 

case LL lt f throughout. The calculation in this 
case shows that, for each periodic component of the 
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primary field, the phase difference between it and its induced 
field depends only on k , and not on the size of the sphere. 
For fields periodic in a day, or a half, third or quarter of a 
day (as for S ff ), the calculated phase differences are nearly 
equal, and their sign is the same as for the phase differences 
found by analysis of the actual observations of S 0 . The 
magnitude of these observed phase differences corresponds 
to a value of /c, namely 3-6 . io“ 13 c.g.s., which is less than 
the k for sea-water (4*io~ n ), but greater than the k for dry 
earth or rock (io~ 15 ). 

The “ observed ” amplitude ratios for the external and 
internal parts of at the earth’s surface, for the four 
periodic components, are not in agreement with those calcu¬ 
lated for this value of k , if it is assumed to apply throughout 
the whole earth. But a slightly different distribution of k 
would suffice to bring calculation and observation into 
accord, for the amplitude ratios as well as for the phase 
differences : namely, a uniform distribution of k , with the 
above value 3-6 . io -13 , throughout a sphere concentric 
with the earth, but of radius 4 per cent, less than that of 
the earth, the material in the outer 4 per cent, layer, of 
thickness about 160 miles, being non-conducting. 

Thus it is possible to explain the Sj field as due to induc¬ 
tion by the S e q field in a model earth with these simple 
properties, which are themselves quite reasonable from a 
physical standpoint. These facts seem to warrant the con¬ 
clusion that the actual S£ field is wholly produced in this 
way, so that to “ explain ” the field it remains only to 
seek a cause for the external part S£. 

It is, however, not necessary to conclude that the con¬ 
ductivity within the earth is zero down to 160 miles depth, 
and uniform in the “ core ” below that, with the above 
value. This is a possible distribution of k consistent with 
the facts about S^, but it may not be the only possible 
distribution consistent with these facts. Actually the 
oceans are more conducting than the supposed core: but 
they are relatively shallow, and their broken geographical 
distribution reduces their effectiveness as regions for the 
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production of a secondary field by induction ; it may be 
expected, however, that they will have sufficient influence 
on the internal part of the S (/ field to create a difference 
between S Q over continents and over the oceans. The solid 
part of the outer 160-mile layer, which is not absolutely 
non-conducting, must also have some effect; but this will 
be slight compared with that of the core, if k for most of 
this layer has the observed value for dry earth or rock. 
1 he transition to the value k — 3-6 . io” 13 for the core 
may, however, not be quite sudden, as in the “ model ” 
earth considered. 

lhe distribution of the induced currents within the core 

can be calculated, and the magnetic field at the earth’s 

surface due to the currents at any depth. It is found that 

the internal part of the S,, field at the surface depends 

mainly (i.e., to 90 per cent.) on the currents within a fifth 

of the depth of the core from its surface. The currents 

at or below a depth of half the radius of the core have no 

appreciable influence on the surface field. A change in the 

value of k in this region could not be detected from the S„ 
data. 7 

Actually there is some evidence that k increases down¬ 
wards rather rapidly between about 160 miles depth and 
400 miles depth or more. For information as to k at or 
)elow the latter depth we should need to study magnetic 
variations with a period much longer than one day. 

I he Magnetic Permeability within the Earth 

I he results of the calculations referred to in the preceding 
section are those derived on the assumption that the mag¬ 
netic permeability /i, within the earth is unity, i.e. that the 
substance of the earth is non-magnetizable. The calcula- 
tions actually depend on k//x rather than on k alone, so 

a 1I1 / X were S rea * r th an unity, the inferred value of k 

r increased in that ratio. There is some 
ending, from observations of magnetic disturbance, 
W e er /* d° es materially exceed unity throughout any 


56 THE EARTH’S MAGNETISM 


important fraction of the earth’s volume, but this has not 
yet been done. On physical grounds, however, it seems 
unlikely that /z does much exceed unity. A larger value 
would presumably imply the existence of ferromagnetic 
material within the core. But at ordinary pressures iron 
loses its magnetizability at 86o° C., a temperature attained 
at about 60 miles depth ; and increased pressure appears 
only to lower the temperature at which iron ceases to be 
magnetizable (cf. p. 26). 

The External Part of the S q Field, S e q 


The problem of the origin of the field is now reduced 
to that of its external part S q . This is directly known only 
at the surface, but its value can be calculated at any height 
up to which there is no magnetic matter and no electric 
current.. The air is practically non-magnetic and non¬ 
conducting up to about 90 km. height, above which there 
are two main ionized layers, one (the E layer) at about 
100 km. and the other (the F layer) at 200 or 250 km. 
height, with subsidiary layers in between. These are 
ionized daily by the sun, and their ion-content decreases at 
night. The order of magnitude of the maximum electron 
content per c.c. in the E layer is io 5 , and in the F layer 
about five times as great. The electron-content above the 
F layer is unknown, but is less than in the F layer. 

Since there is no magnetic matter (in the ordinary sense) 
above the earth’s surface, the S q field must be produced in 
some ionized region. This is likely to be situated in our 
atmosphere, and to be ionized daily by the sun, as are the 
E and F layers : because this is consonant with the observed 
distribution of the S 7 field, which is more intense over the 
sunlit than over the dark hemisphere, while there is little 
likelihood that an ionized region so distributed exists or 
could maintain itself outside the earth’s atmosphere. Now 
the atmosphere is relatively thin, compared with the radius 
of the earth. Hence the S£ field may be said to originate 
in a thin spherical layer of atmosphere, concentric with the 
earth. 
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The spherical harmonic analysis of the S, field, and the 
resulting expression for the external part SJ, fortunately 
attords a means of calculating the strength and direction of 
the system of currents, flowing in such a thin spherical 
layer, that could produce the SJ field ; or, alternatively, it 
indicates what distribution of magnetization in such a shell 
could produce the field. Such a current system, or such 

fnr L 10 , J ° f magnetization, may be solely responsible 

or the b ? field, or the two causes may be jointly responsible • 

\ no °ther alternative seems possible. 


T11 


igs' 


rTMosPHERic System of Electric Currents 
15 illustrate the distribution of the atmospheric 


- r 1 . KJI tiit Ciuiiuspncric 

electn f currents which could produce the SJ 

... The y are d . r awn on a Mercator projection, but their 
meridians of longitude are not fixed relative to the earth 
but rotate with the sun : that is, the distributions appear 

2 yS C Tu aS Vi6Wed fr0m the sun - except for P thc 
slow seasonal changes (cf. p. 38). Fig. 14 refers to the 

northerns penods ' and Fig. 15 to June, 4 the season of 
show the H,yT an< r S0Uthern " ‘"ter. The closed curves 
distances «° f CUrrent flow > and are drawn at such 

pa. of adjacent current lines. The currents flow in four 
main aremts, two north and two south of the equator at 

umSTemi; t° Ugh , the soIstices the circuit in the 
summer hemisphere (the northern one in Fie iO are 

extend fi a Cd r 'T t0 those in the winter hemisphere, and 
circuits n r0SS »k e e S“ ator int0 this hemisphere. The two 

situated one hef tK de °!- the e q uator are approximately 
Phe e and the / ““ S - Unht and one over the night hemi- 
currem-Z 18 much the more intense ; the total 

eauinnve- W -day-circuit is 62,000 amperes at the 
q itI !L n T S 8 ?.ooo amperes in summer. 

earth alnntVlZ add ' tl . onal electric currents flow round the 

contribute tn^h parallela of , latitude ! such currents would 
S e • anti th 6 ^eneral field of the earth, without affecting 

? ’ 3nd the y wou d modify the current lines in Figs 14, ^ 
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Figs. 14 and 15.—Atmospheric systems of electric currents which 
could produce the solar daily magnetic variation. 

Above : at the equinoxes. Below : in June. 
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Possible Causes of an S* Electric Current System 


It is not known whether the S£ field is due to a system 
of electric currents in the upper atmosphere. Let us for 
the sake of discussion suppose that it is. The magnetic 
data give no indication of the height above the earth at 
which the currents will be situated : that has to be found 
from independent data, such as are afforded by the radio 
exploration of the atmosphere. From the knowledge thus 
| gained it seems that the E or the F layer, or both, are the 
most likely regions for the currents. The physical condi¬ 
tions in these layers are very different, apart from the 
stronger ionization in the F layer ; the air is much rarer 
and possibly hotter, in the F than in the E layer. 

If we knew how the ionization varied in the E and F 
layers over a period of many years, it might be possible 
to find out in which of them S‘ is produced, by noting a 
correspondence between the variations of the general 
intensity of S, ; and the changes of ionization in one or 
° er layer ; but the radio data concerning the upper atmo- 
| sphere do not extend far enough back to permit this. At 
present the level of the origin of the S“ field remains in 


O • a current system of the type 

shown m Figs. 14, 15 have been suggested. According to 
one theory, generally known as the dynamo theory, the 
currents are induced by a convective motion of the atmo- 
sphere across the earth’s permanent magnetic field ; diurnal 
semi-diurnal motions of the atmosphere occur at 
ground level, and motions of the same type in the E or F 

rirrL+ ' V ° U d !?, duce therein a system of currents of the 
ght type. We cannot be sure that the motion of the 

atmosphere at those heights is the same as near the ground, 
tix \ l V ^ C * ssume that it i s > the necessary electric conduc- 
^ h l^ rrent M layer 0311 be Elated ; in order of 

wcesf of tK 13 t0> ? hou g h P erha P s son >ewhat in 

excess of, the probable total conductivity of the E layer 
which itself probably exceeds that of the F layer (where! 
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owing to the rarity of the atmosphere at these levels, and 
the presence of the magnetic field, the electric conductivity 
across the direction of the magnetic field is much less than 
along the field). The data necessary to test the dynamo 
theory are really not at present available, both because of 
our ignorance of the high-level convective motion, and 
because the conductivity depends on the density of the 
atmosphere there, which is still uncertain. 

A theory known as the drift-current theory offers an 
alternative explanation of the currents. In rarefied levels, 
where the electrons and ions are free to spiral round the 
earth’s lines of magnetic force, the weight of these particles 
causes them to execute a trochoidal motion with a general 
drift to eastward for the positive ions and to westward for 
the electrons : the two motions combine to give an east¬ 
ward electric “ drift ” current. If the ionization were the 
same all along each circle of latitude, the currents would 
likewise be uniform along each circle, and would not 
produce any daily variation of the field ; but the actual 
day-to-night inequality of ionization would require the 
currents to diverge from the parallels of latitude, and it is 
suggested (though the theory has not been worked out in 
any detail, as the dynamo theory has), that their resulting 
distribution would be of the right type and of the right 
order of magnitude. Until this theory has been more fully 
developed its merits or demerits cannot be properly 
assessed. For the present, the origin of the S e q current- 
system (if a current-system is the cause of S£) must remain 
in doubt, but the exceptionally large S Q variations found at 
Huancayo, Peru, favour the dynamo theory. 

The Diamagnetic Theory of the S q Field 

Another theory of the origin of the S£ field, which was 
actually second in order of date of proposal, is that the field 
is due to diamagnetism of the ionized layers. The spiral 
motion of the electrons and ions in the E and F layers, 
which are not in thermodynamic equilibrium, must render 
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these layers diamagnetic. The distribution of diamagnetism 
is approximately of the right type to produce a field quali¬ 
tatively similar to the S Q field. The intensity of the dia¬ 
magnetism depends on the number of electrons and ions 
present, and on their (random) speeds, which will depend 
on the temperature of the ionized layer. The tempera¬ 
ture in the E and F layers is not known, and unless it is 
very high (e.g. above iooo° C.) the diamagnetism may be 
inadequate to account for the S* field. 

The Year-to-Year Variation of Ionization 

Q* L fi a i V i ng * n su ^P ense *h e decision as to the origin of the 
^ field, one point common to all three theories of the 
held may be noted : the intensity of the field is governed 
by the degree of ionization in the “ S* ” layer where the 
e d is produced. Hence this ionization must, like S£, be 
considerably greater in years of sunspot maximum than of 
sunspot minimum. This betokens a variation of the solar 
ionizing agent which far exceeds any solar-cycle variation 
in the radiation received at ground level. As the solar 
ionizing agent is, at least in part, ultraviolet light, it thus 
appears that this end of the solar spectrum varies much 
more with the sunspot epoch than does the longer-wave 
radiation which is able to penetrate through the whole 
a mosp ere of the earth. It is probable that neutral solar 
corpuscles also play a part in the ionization of the upper 

atmosphere. 


The Effect of a Solar Eclipse upon S„ and upon the 

Ionized Layers 

^ as . been found by radio measurements that during a 

t. ec , I P se . *be sun the ionization of the upper air in the 
eclipsed region decreases by about one-half. This must 

• e , C le current-system or the diamagnetism to which S„ 

• J 16 * Attempts have been made to observe the change 

nrAl . 1Ch , must ! hus result > but it has not yet proved 
possible to detect them with certainty. 
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The observed decrease in the ionization of the E and F 
layers during a solar eclipse occurs over the eclipsed region, 
at the time of the eclipse, whereas if the ionization were due 
to neutral corpuscles from the sun, travelling with a speed 
much less than that of light, the decrease of ionization 
should occur earlier, and to the east of the darkened eclipse 
region. Thus it is proved that the E and F layers are 
ionized mainly by ultraviolet light (or by corpuscles trav¬ 
elling with practically the same speed). Possibly further 
observations may reveal the presence of other layers ionized 
by neutral corpuscles. 



CHAPTER IV 


the lunar daily magnetic variation l 

The Computation of L 

T HE solar daily magnetic variation S may be removed 
from the hourly magnetic data for each element by sub¬ 
tracting, from each hourly value during (say) a month, the 
mean departure for the month, at that solar hour, from the 
monthly mean. The revised hourly values thus obtained 
wi I vary because of magnetic disturbance and also because 
0 * Suppose that these hourly values are rearranged in 

rows each containing 24 or 25 successive values, the initial 
value in each row being for an hour nearest to that of lunar 
ransit. On taking the means of the columns, it may be 
assumed (provided the number of rows, each correspond¬ 
ing to one lunar day, is sufficiently great) that the variations 
uc to magnetic disturbance will average out, not being 
re a e to unar time. The series of hourly means will thus 
give the mean lunar daily magnetic variation, or, if the mean 
a is subtracted from each, the lunar daily magnetic 
mequa lty for the element. Since the disturbance varia- 
10ns and also S, are so much greater than L, and since S 
u constant from day to day, many precautions have to 
• SCrVe VJ Ending L, and material from many years 
w / n ce f ssar y \ f rellable results are to be obtained. But 

cally justHkeSksdf 6 diSCUSSed and r ^ reSented g ra P hi ‘ 

The Monthly Mean L is Semi-Diurnal 

su i „ b ? determi ned from all days over a given period, 
a year, or all days in a group of months, such as 
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all Januaries for a number of years. When so determined, 
it is found to be of notably simple character ; its graph, 
whatever the element or station, is a double sine wave ; 
that is to say, L is semi-diurnal. For different stations 
and elements L differs, of course, in amplitude and phase 
(that is, in the range between the two equal maxima and 
two equal minima, and in the times—separated by a quarter 
of the lunar day—at which these maxima and minima occur). 
When the curves for the separate elements are combined 
to form the vector diagram, they give an oval curve which 
is described twice daily: the central curve in Fig. 16 
shows such a vector diagram for the horizontal plane. 


L at the Separate Lunar Phases 

It is possible, however, to determine L from a number of 
days all (within narrow limits) at the same phase or age of 
the moon ; e.g. new moon, half moon, or full moon. 
Any such phase or age corresponds to a definite angle 
between the lines drawn to the sun and the moon from the 
centre of the Earth ; it corresponds also to a definite 
difference between the hours of solar and lunar time, so 
that the hours of daylight (or of darkness) will fall in a 
particular section of the lunar day, at a particular age of 
the moon. At new moon, for instance, the sun and moon 
are on the same meridian, and noon, about which the hours 
of daylight are centred, is also the middle of the lunar day ; 
at full moon, on the other hand, the hours of darkness 
are in the middle of the lunar day, and so on. Thus, if 
the graph representing L (for any element and station) is 
thickened during the part of the lunar day corresponding 
to daylight, different parts of the graph will be thickened 
at different ages of the moon. It is found that when the 
graph of L, determined from days all at a particular lunar 
phase, is drawn in this way, the thickened daylight P a . rt : 
the graph has a greater range than the remaining (night) 
portion ; L is no longer semi-diurnal. Moreover, the 
series of these graphs, drawn for successive ages of the 
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moon, appears to be such as might be obtained from the 
simple double-wave graph for L as derived from all days 
of the months, by increasing the range of this curve during 
the hours of sunlight and reducing it during the dark 
hours. In the course of a lunar month, or a number of 
lunar months, each lunar hour occurs equally often at all 
epochs of sunlight and darkness, and this light-to-darkness 
inequality of the curves is averaged out to give a simple 
double wave. But the L curves at particular lunar ages show 
that L, like S, is more active during sunlight than during 
darkness. 

The Vector Diagrams for L at the Separate Lunar 

Phases 

As a consequence, the vector diagram for L at any time 
is not really a twice-repeated oval, but a combination of 
two loops ; the part of the figure (not necessarily a complete 
loop) that corresponds to the sunlight hours is much 
larger than the remaining night portion. This is shown 
in Fig. 16 ; the upper part of this figure gives, in the centre, 
the horizontal force vector diagram for L as determined at 
Pavlovsk from a number of (whole) summer months; 
this diagram is an ellipse, described twice daily. Round 
this ellipse are disposed the vector diagrams obtained at 
eight epochs in the lunar month, from new moon, through 
full moon, back to new moon again. The amplification 
of the loop in the changing sunlit portion of the lunar day is 
clearly shown. 

The Annual Variation of L 

The lower part of Fig. 16 gives the corresponding winter 
diagrams for the monthly mean L, and for L at two lunar 
phases. It shows how very much smaller L is in winter 
than in summer at this station, at latitude 6o° N. On com¬ 
parison with Fig. 12, p. 46, for S Q at Greenwich, in a latitude 
only slightly lower, it illustrates the fact (amply confirmed 
by examination of the data for other stations) that the annual 
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variation of L is decidedly greater than that of S Q . This 
fact is exemplified in a manner that is more comprehensive, 
and therefore perhaps still more convincing, in the current- 
system diagrams (Figs. 18, 19) referred to on page 71. 


The Relation of L to the Sunspot Cycle 

Since L is closely connected with the sun, as shown by 
the greater activity of L during the hours of sunlight than 
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change from year to year in approximate correspondence 
with the eleven-year sunspot cycle. However, this ex¬ 
pectation is surprisingly at variance with the facts. It is 
not easy to illustrate this by means of a diagram for L corre¬ 
sponding to Fig. 13 (p. 48), for the reason that one year is 
not long enough to yield a reliable determination of L. 
It is therefore necessary to determine L for groups of years, 
classified according to their mean sunspot number; it is 
convenient also, for comparison, to determine the mean S Q 
for the same groups of years. A diagram on which the 
range (or some other index of the magnitude) of and of 
L is plotted against the mean sunspot number then shows 
that though S Q increases nearly twofold from the group of 
least to that of greatest mean sunspot number, L shows only 
a very slight increase. Fig. 17 is such a diagram, con¬ 
structed for S Q and L for Greenwich magnetic declination, 
and based on no less than 63 years’ hourly data for this 
element. The index used to represent the magnitude of 
L is the semi-range C 2 of the annual mean L, which is 
purely semi-diurnal ; for S Q two indices are used, one 
being the semi-ran ge C 2 of the semi-diurnal component 

of S 0 (which is V(a| + &!)—cf. page 50), and the other 
the semi-range C x of the diurnal component. The scale 
for C 2 (lunar) is ten times more open than that for the 

solar C x and C 2 . 

Day-to-Day Variations of L on Quiet Days 

It would be highly interesting to know whether L, 
like S Qi undergoes day-to-day variations of range on quiet 
days ; but there seems little hope of finding whether or 
not this is so, because it is impossible to determine L for 
a single day ; it may be possible, however, to determine 
L for groups of quiet days on which the range °f J*q 1S 
greater or less than the normal, and thus to deter 
mine whether the range of L follows, on the average, t e 

same course as that of S ff . 
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The Variation of L with the Magnetic Activity 

The solar daily variation consists of a part, S fl , which 

is seen in its pure form on quiet days, and persists also 

throughout disturbed periods, but is then combined with 

another part, S D , which is constant in form but varies in 

intensity, in parallel with the general degree of disturbance. 

It is of interest to examine whether or not L is the same on 

disturbed as on quiet days, by determining L separately 

from groups of days classified according to their magnetic 
activity. 

It is thus found that L increases in amplitude, appa¬ 
rently without any great change of form at individual 
stations, as the disturbance increases. The increase of L 
varies very much with the element and the locality. For the 
declination at Batavia, south of the magnetic equator, L 
varies nearly ten-fold in summer from the sixty quietest 
to the sixty most disturbed days per year ; for the declina¬ 
tion at Greenwich the variation is much less, only two-fold 
(though this is of course a considerable change) ; the 
variations for other elements and stations lie between these 
limits. There is need for further work on this important 
relation between L and magnetic disturbance, which seems 
destined to throw much light on the physical cause of L. 


The Mathematical Representation of L 

The processes of harmonic and spherical harmonic 
analyses can be applied to L just as to S (cf. p. 50). It 

is ound that the semi-diurnal component of L is constant 
m phase throughout the month, while the phases of the 
er components undergo a regular monthly variation ; 
the phase of the first component (n = 1) decreases through 
complete cycle (277) from one new moon to the next, while 
hat ot the third component increases by the same amount. 

phase of the fourth component increases by twice 
this amount (4^) per month. These variations of phase 
correspond to the change of form of L, by which at each 
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epoch in the lunar month the variation during the sunlit 
hours is intensified. 

The spherical harmonic representation of L, say at new 
moon, is very similar to that of S^. The main functions 
involved (four at the equinoxes and at least eight at the 
solstices) are the same; the numerical coefficients are 
smaller for L than for S ff , and bear somewhat different 



Fig. i 8 . —Atmospheric systems of electric currents which could 
produce the lunar daily magnetic variation : at the equi¬ 
noxes (Fig. 18), and in June (Fig. 19.) 


relations to one another. In particular, the four extra 
harmonic functions required at the solstices to represent 
the seasonal difference then existing between the two 
hemispheres have relatively larger coefficients for L than 
for S Q ; this corresponds to the greater annual variation 

of L than of S^, already noted (p. 66). 

The numerical factors of the harmonic functions deter¬ 
mined from X and Y on the one hand and from Z on the 
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other enable the internal and external parts (L\ L e ) of 
the L field to be determined, as for S 9 . The amplitude 
ratios and phase differences between the inner and outer 
parts of each harmonic term in the potential of L are closely 
similar to those for the corresponding terms in the potential 
of S^. Since the periods in the two cases are nearly the 
same, it follows that the internal part of the L field (L*) 
can be explained as due to currents induced in the earth 



Fig. 19. 

by the varying outer L field (L e ), with the same inferred 
distribution of electrical conductivity within the earth 
as was found from S Q (p. 52). 

The Current-Diagrams for L 

The spherical harmonic expression for the potential of 
the outer L field enables a hypothetical current-diagram 
to be drawn, showing the overhead current-system in the 
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atmosphere which could produce the L e field. It is shown 
in Figs. 18, 19, for the period of new moon; Fig. 18 
refers to the equinoxes, and Fig. 19 to the June solstice. 
The meridians refer to local lunar time; at new moon the 
sun and the moon are both on the i2 h meridian. The 
current lines are drawn at intervals of 1000 amperes. 
Comparison with Figs. 14, 15 shows that the current-system 
for L is weaker than that for in the ratio about 1 to 12, 
the total current circulating in the main circuit of L (at 
the equinoxes) being about 5300 amperes, as against 
62,000 amperes for S^. The diagrams well show the 
greater intensity of the currents over the sunlit than over 
the dark hemisphere. Fig. 19 shows in a striking way 
how great is the seasonal variation of L, the summer sunlit 
circuit (in the northern hemisphere in June) carrying a 
total current of 11,000 amperes, which is more than twice, 
the strength of the equinoctial circuit. 

The Origin of the L Field 

The origin of the L field seems less open to doubt 
than that of the S 0 field, because the moon is so much more 
limited than the sun in its ability to affect the earth. The 
semi-diurnal character of the L field, when averaged over 
whole months, suggests a tidal origin of L, and it seems 
practically certain that the lunar tide in the atmosphere, 
which is now well-determined, is the primary cause of L. 
This conclusion is supported by the fact that L appears to 
increase from apogee (when the moon is furthest from 
the earth) to perigee (when it is nearest) in approximately 
the same ratio as the moon’s tide-producing force, that is, 
inversely as the cube of the moon’s distance : though 
the proof of this relation for L is not yet so decisive as 
could be desired, owing to special difficulties in the com¬ 
putation of L from groups of days selected according to 
the moon’s distance. 

Of the three hypotheses as to the origin of S c , described 
on pp. 59-61, only one is applicable to L, namely, the dynamo 
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theory. Calculation shows that the horizontal air currents 
associated with a lunar atmospheric tide would induce 
electric currents having an L field of the same type as 
the semi-diurnal component of the observed L e field, if the 
electrical conductivity of the atmospheric layer in* which 
the electric currents flow were uniform j if, however, 
as in the actual atmosphere, the ionization and conductivity 
are greater over the sunlit hemisphere than over the dark 
hemisphere, the other periodic components of L are pro¬ 
duced, with amplitudes and changing phases, as observed. 
Thus qualitatively, and to a large extent also quantitatively, 
the tidal-dynamo hypothesis well explains L ; but there 
remain two uncertainties, concerning the actual magnitude 
and phase of L, and the height of the “ L-layer ” wherein 
L is produced. The phase of L differs from that which 
would result if the phase of the tide in the “ L-layer ” were 
the same as that of the tide observed at the ground • it 
seems necessary to conclude that in the L layer the tide 
has a very different phase. The theory of the tide itself 
does not suffice at present to predict or explain such a 
change of phase with height. If, however, the phase is 
different from that near the ground, the amplitude of the 
tide may also be unexpectedly different. If it were known, 
we could deduce the conductivity of the L layer from the 
observed magnitude of L, but our uncertainty as to the 
amplitude of the tide precludes this calculation. 

1 he height of the L-layer is unknown. The magnetic 
data do not suffice to determine it, and the identification 
ot the L-layer with any of the ionized layers observed by 
ra 10 methods must await a satisfactory correlation between 
the changes of ionization of one of these layers and the 
changes of magnitude of L. The difference between the 

cvrlI geS °* L - and i t ^° Se S <*» thr °ughout the sunspot 
SCe ™ lm P l y that S « ^d L are produced in different 
ayers. The large dependence of the magnitude of L on 

me degree of magnetic activity suggests that L is produced 
(rf a A lomzec * b y neutral corpuscles from the sun 

t c l. p. OIL 



CHAPTER V 


THE MORPHOLOGY OF THE MAGNETIC 

DISTURBANCE FIELD D 


Magnetic Disturbance and Storms 


M AGNETIC disturbance may be regarded as due 
to the superposition, upon the normal magnetic 
field existing during quiet periods, of an additional dis¬ 
turbance or D field (p. 39). The study of the changing 
“ form ” of this field, that is, of its changing geographical 
distribution, may be called the morphology of the D 
field. This forms the subject of the present chapter. 
In Chapter VI other important aspects of magnetic dis¬ 
turbance are considered, relating to the incidence of dis¬ 
turbance in time. 

By examining sets of magnetographs drawn from ob¬ 
servatories widely distributed over the. earth, it is found 
that the intensity of disturbance increases from low to 
high latitudes, up to magnetic latitude (about) 67°, which 
is the latitude of the zones of most frequent occurrence of 
aurorae (or, briefly, of the auroral zones) ; within these 
zones the intensity somewhat decreases towards the poles 
of the earth’s magnetic axis, but nevertheless is still con¬ 
siderable. On this account the magnetic traces are seldom 
quite undisturbed in high latitudes, for there a tenth (say) 
of the disturbance existing on average days is quite per¬ 
ceptible, while in the tropics it is insignificant. 

The intensity of disturbance varies greatly with the 
time ; disturbance of low intensity may be confined to 
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a small part of the earth’s surface, but intense disturbance 
is a world-wide phenomenon, affecting both northern and 
southern hemispheres simultaneously. Such intense world¬ 
wide magnetic disturbances are called magnetic storms. A 
striking feature of the most outstanding magnetic storms 
is that they usually commence suddenly, at almost the 
same instant all over the earth; the differences between 
the times of their onset at different stations seem to be of 
the order of half a minute. In less intense storms the 
commencement is not so abrupt, but it can often be 
defined to within an hour. 

Magnetic disturbance seems infinitely various in its 
details, but there is nevertheless much regularity about its 

average features. The following is one way in which this 
is brought to light. 


The Storm-Time Variations 

A number of magnetic storms are chosen, of roughly 
similar intensity, and with their times of commencement 
(not necessarily sudden, but known within one hour) dis¬ 
tributed fairly evenly over the twenty-four hours of the 
Greenwich day. Successive hourly values of a chosen 
magnetic element at a chosen station are written out in 
rows of 24 or 48 or more, commencing in each row with 
the value for the hour preceding the storm. The columns 
are added and the means taken, giving a row of 24 or more 
mean hourly values of the element, for the first day or 
more, averaged over all the storms. In this average, any 
c anges, such as S„ and S D (p. 34), which depend on the 

™ ? a y or s °l ar hour-angle, will cancel out, because 
each hour of the day, with its appropriate S q or S D de- 

pa ure from the means, will occur roughly the same 
urn er of times in each column, owing to the nearly 
m orm distribution of the hours of commencement over 
1 ours °f the day. Thus the changes indicated by the 
t , row means will represent that part of the dis- 
r ance changes which depends on time reckoned from 
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the commencement of the storm ; this may conveniently 
be called storm-time. 

To obtain a general view of these storm-time changes 
it is necessary to determine them for each element from 
a number of observatories. Fig. 20 shows the results 
thus obtained from the records at n observatories, for a 
set of 40 storms of moderate intensity. It gives the 
average storm-time changes during the first two days of 
these storms. The three sections of the diagram, left, 
middle, and right, refer to groups of stations in different 
magnetic latitudes. 

The storm-time changes in horizontal (approximately 
north) force clearly much exceed those in the other two 
elements : the horizontal force is first increased, and re¬ 
mains above the initial undisturbed value for a period of 
two to four hours. This may be called the initial phase 
of the storm. But after quickly attaining a maximum, 
H decreases, and after several hours attains a minimum ; 
this minimum is much more below the initial undisturbed 
value than the maximum is above it. From this minimum 
there is a slow recovery towards the normal value : the 
rate of recovery at first increases, but soon becomes in¬ 
creasingly slow, and is clearly incomplete at the end of two 
days. The recovery continues indeed over many days, 
some of which may be quite free from any sign of disturb¬ 
ance other than this residual effect. The period during 
which H is below the normal value, up to the time when 
the rate of recovery ceases to increase, may be called the 
main phase of the storm, and the subsequent period may 
be called the last phase , or phase of recovery. 

It is thus clear that a magnetic storm must depress 
the mean value of the horizontal force for the month in 
which it occurs ; and since on disturbed days there is on 
the average a decrease in H, on quiet days there must on 
the average be a slight compensating increase during the 
day. Hence the value of H for the initial midnight for 
a quiet day will in the average be less than that of the 
closing midnight. This is called the aperiodic or non- 
cyclic change of H on quiet days. 




Fig. 20.—Storm-time magnetic disturbance changes in different latitudes (pp. 41 and 76). 
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The magnetic declination seems to show practically 
no storm-time change (in low and middle latitudes), while 
the vertical force undergoes changes much smaller than H, 
and opposite in sign ; that is, when H decreases V in¬ 
creases, and vice versa. The horizontal force has the 
same direction in both northern and southern hemispheres, 
and its initial increase and subsequent decrease are sim¬ 
ultaneous in the two hemispheres. But V has opposite 
directions north and south of the magnetic equator, and 
since its changes in magnitude (V) are similar in the two 
hemispheres, the simultaneous changes in Z are actually 
opposite in sign. Hence it is to be expected that the storm¬ 
time change in V or Z will vanish (or nearly so) at the 

magnetic equator. . 

These storm-time changes in H and V follow a similar 

course in all latitudes over the range, up to about 55 
magnetic latitude (N. or S.), represented m Fig. 20; 
but the range of the H changes decreases with increasing 
latitude Thus the storm-time changes in H are greatest 
at the equator, where those in V vanish. The range of 
the storm-time changes in V seems likely to have maxima 
somewhat to the north and south of the equator. 

Since there is (practically) no storm-time change ot 
declination, the storm-time portion of the D field must 
be one in which the lines of force he along the magnetic 
meridians. Since the storm-time changes in V are small, 
these lines must be nearly horizontal during the main phase 
of the storm ; that is, they are nearly parallel to the surface, 
though actually they approach the surface from above, at 
a slight inclination, in the northern hemisphere, and leave 
the surface at a slight inclination in the southern hemi¬ 
sphere. During the first phase their direction is reversed. 
Thus the storm-time field, over this range of latitude, is 
of very simple form; symmetrical about the earth s 
(magnetic) axis, it has one direction during the first phase, 
and the opposite direction during the second, its intensity 
varying with time, as shown by the curves for H in 

Fig. 20. 
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The Disturbance Daily Variation S d 

The actual variations of H, declination and V in any 
individual storm will, of course, differ materially from the 
average storm-time curves of Fig. 20, because they also 
include S,, S D and the irregular variations D t peculiar 
to the storm. It is of interest to examine these variations 
after subtracting from them the average storm-time 
changes. Thus, taking one of the sheets of hourly values 
used, as described on p. 75, to determine the storm-time 
changes, we subtract the average values written at the foot 
of the sheet from all the hourly values in the corresponding 
columns above. The hourly differences thus formed, for 
the first day of each storm (and likewise for the second 
day) may then be re-written on further (“ local-time ”) 
sheets, in columns each corresponding to the appropriate 
hour of local time, 1, 2, 3 ... 24; e.g., in the case of 
a storm commencing, say, at 17* local time, which for 
this storm is counted as o h storm-time, the first eight 
hourly differences from the storm-time sheets refer to 
local times 17 to 24, and the next 16 hourly differences 

ru t0 oca . 1 .^ lmes 1 t0 16 5 hence, on the local-time sheets 
of hourly differences for the first day of the storm the 

first eight hourly differences from the storm-time sheets 
are written after the next sixteen. On forming the 
average value for each column, on the local-time sheets, 
the mean solar daily variation of the element is obtained 
for the first day of this group of storms, at the station con- 
sidered Inspection shows that while this differs con¬ 
siderably from S e , it seems to include S 3 together with 

The r r t !° n - 0f f qUlt f , dlfferent l yP e - which of course is S D . 
l ’ tter ! s found by subtracting S a from this total mean 
daily variation for the first day of the storm. 

*!• a 2 J ; 2 3 g iv e for each element, H, declination, and V, 
curves showing S, in the left-hand section, S D for the 

the spf °a St ? rr ? ln the middle section, and S D for 

In each settf^ ° f ^ St ° r . m in the ri ght-hand section. 

station, f CUFVeS 3re glVen for stations > groups of 
tations, m different magnetic latitudes, as follows : 
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(1) Sitka (mag. lat. 6o u ). 

(2) Pavlovsk (mag. lat. 56°). 

(3) Mean of Pola, Potsdam, Greenwich (mag. lat. 51 ). 
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(4) Mean of Zikawei, San Fernando, Cheltenham, 

Baldwin (40°). 

(5) Mean of Batavia, Porto Rico, Honolulu (22 0 ). 
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The S D curves relate to the same storms as those on which 
Fig. 20 is based. Those for the second day are similar 
to those for the first, but of smaller amplitude. The S D 
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curves are obviously very different from the curves, 
both in the times of their maximum, minimum and zero 
values and in their relation to the latitude. Particularly 
notable is the increase of S D in H, and still more in V, from 
Pavlovsk to Sitka. Unlike the S ry curves, the S D curves 
show no greater intensity of change during the sunlit 
hours than during the dark hours. 

The S D curves represent a variation due to a part of the 
D field which we may call the S D field : it depends on 
local time, and so may be thought of as constant in form 
and position (though not in intensity) as viewed from the 
sun (pp. 36-39); the S D changes at any station are thus 
regarded as the result of the passage of the station along 
a path through the S D field, consequent on the earth’s 
daily rotation. The S D field is not of constant intensity, 
but decreases from the first to the second day of a storm. 
This suggests, though it is insufficient to prove, that 
although the S D field has a definite form, its intensity 
varies in rough accordance with that of the storm-time 

1? ^ Whether the S D field is actually reversed during 

the first phase of a storm, like the storm-time field, has 

not yet been ascertained. But apart from this first phase, 

t e general picture which this discussion suggests is that 

t e whole D field consists of the combination of the storm- 

time (D st ) and S I} fields, varying similarly in intensity with 

time, together with a more local and fluctuating field D,, 

corresponding to the irregular features of the individual 
storm. 

The Relation of Form to Intensity of the 

D Field 

Since the intensity of magnetic disturbance varies over 
a wi e r * n ge, it is of importance to know how far the 
Jmn of the D field varies with the intensity. Groups of 
^ reat ^nd very great ” storms, respectively twice 

T tl J neS as intense 88 those t0 which Fig- 20 refers, 
were therefore examined, for two stations, Bombay and 

Pavlovsk, one in low and one in high latitude. The 
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storm-time variation in H, and also S D for the first two days 
of the storms, were determined and are represented in 
Fig. 24 ; the scales used for the curves for the great and 
very great storms are only and J those for the moderate 
storms already discussed. The three sets of curves are 
thus reduced to similar dimensions, and are clearly of 
similar form : though there is one significant difference, 
that H appears to attain its minimum phase earlier for the 
very great than for the more moderate storms. The S Q 
curves are fairly similar for the three sets of storms. Fig. 
24 thus supports the view that the regular (storm-time and 
S D ) part of the D field is substantially the same in form and 
in its time-changes, over a four-fold range of intensity. 

It is desirable to know whether the approximate con¬ 
stancy of type of the D field still holds for magnetic dis¬ 
turbance much less intense than the moderate storms of 
Figs. 20-24. But this cannot be tested in the same detailed 
way, because such disturbance is usually not marked by 
any sudden commencement, so that the time corresponding 
to storm-time cannot be identified. It is indeed difficult 
to discern whether a prolonged period of minor disturbance 
is made up of one or of many individual disturbances. 
This difficulty has prevented the determination of the 
course of the storm-time changes for weak disturbance. 
Nevertheless a partial test of their similarity with those 
for strong disturbance can be made, as follows:— 

The Disturbance-Change in the Daily Mean 

Field, D m 

The local-time changes considered in Figs. 21-23 are 
measured from the daily mean value of the magnetic 
element as origin, and so are independent of the absolute 
value of this mean. The storm-time changes, on the other 
hand, directly affect the daily mean value, and the way in 
which they will do so on ordinary days of slight dis¬ 
turbance, if they remain of the same type as in magnetic 
storms, can be inferred on the reasonable assumption 
that, when a large number of more or less disturbed days 



MODERATE 



'l st day|2 nd day 




BOMBAY. 
First day 

of storm 


PAVLOVSK. 
First two days 

of storm 


F,G ‘ 24 ‘ St ™ ime r A ** dis . turba "« daily variations 

storms of different mtensities (p. 83). 


for 
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is considered, each hour of the day will experience approxi¬ 
mately the same average storm-time effect. For example, 
during the first few hours of a magnetic storm the hori¬ 
zontal force is generally increased (taking the average 
round a parallel of latitude so as to allow for S D ), hut 
subsequently it experiences a much larger and more pro¬ 
longed decrease, which dies away slowly ; thus the average 
storm-time effect on the horizontal force should be a de¬ 
crease in the daily mean during disturbance. The magni¬ 
tude of the decrease should hava a maximum at the equator, 
and should diminish with increasing latitude, to afcK)U 
half the equatorial value in latitude 50° or 55°- * e 

vertical force storm-time changes are much smaller than 
those in H, and opposite in sign, but otherwise they follow 
a similar course. The average effect on the daily inean 
of the downward vertical force should be a very slight 
increase, in moderate northern latitudes : the effect shouk 
vanish at the equator, and be reversed (like the whole 
vertical force) in the southern hemisphere. The declina¬ 
tion shows no appreciable storm-time changes in lower 
and middle latitudes, and hence its daily mean value 
should not be affected by disturbance. 

These expectations, based on the supposition that the 
storm-time changes are similar in type for strong and 
weak disturbance, are well confirmed by the obsened 
data, as the following Table shows. It gives the differ¬ 
ences obtained by subtracting the daily mean values of 
the three magnetic elements, for quiet days, from the 
corresponding daily means for all days. The magnetic 
latitudes of the stations dealt with are indicated in brackets. 


(1) Sitka (60 ) 

(2) Pavlovsk (56 ) 

(3) Greenwich (54 ) 

(4) Cheltenham (50 ) 

(5) Honolulu (21 0 ) 


H.F. 

3 

- 5 

- 4 

- 7 

- 10 


W. Dec 


- 3 0 

O O 

o 0 

I O 

I 1 


The results are given to the nearest unit (1 y), and are 
probably accurate to within about 1 y. Though they do 
not all refer to the same series of years, a different choice 
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would not alter the general indications of the Table. 

The changes observed are small except in the case of H, 

where they are systematic, and in good agreement with 

expectation. This extends the evidence for the substantial 

constancy of type of the D field to intensities much lower 

than those of Fig. 20; but this extension of the proof, 

which relates to the storm-time changes only, is only 

partial, because it deals only with the daily-average of 

the storm-time changes; this is what was called D,, in 
Chapter II. 

The Relation of Form to Intensity of S 1} 

A more complete proof can be given for the constancy 
of type of the S D part of the D field, down to low orders of 
magnetic disturbance. The evidence is contained in Figs. 
9 “ 11 > P- 4 2 > which are analogous to Figs. 21-23. In both 
sets of figures the first column («) gives the whole average 
daily variation on quiet days, that is, on the five quiet days 
per month chosen internationally ; the curves ( b ) show the 
c ally variations, additional to those in section (<z), which 
are observed on the first days of magnetic storms. But 
w ereas in Figs. 21-23 the curves (c) refer to the second 
ays of magnetic storms, in Figs. 9-11 the curves (c) 
show the daily variations (likewise additional to those in 
section (a)) observed on ordinary or average (i.e. the mean 

j. ff a ) da y s * These curves thus represent the hourly 
1 erences between the average daily variations on all days 
an on quiet days, and show the S D variations correspond- 
! ng to the slight degree of disturbance present on the 
average day. The curves (c) in Figs. 9-11 relate to the 
stations mentioned in the Table above. 

lhus the curves ( b ) and (c) in Figs. 9-11 represent 
D . 0n ,'.) moderately strong and (c) relatively weak mag- 
e ic disturbance. In spite of various minor irregular- 
! ies, many of which would disappear if averages from a 
arger amount of material had been taken, the 15 inde- 

u/tK curves W show a considerable degree of similarity 
V1 t e corresponding 15 curves (c), while the curves 
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(b) and (c) are obviously quite different from the curves 
(#).* For example, in Fig. 9 there is a reversal of type 
in section (a) in a low latitude (about 30°, between curves 
4 and 5), whereas in sections ( b ) and (c), though there is 
also a reversal of type, it occurs in a much higher latitude 
(about 55 0 , between curves 2 and 3). Moreover, in Fig. 9, 
section ( a ), the extreme departures from the mean occur 
in the middle of the day, at about the time when curves 
(b) and (c) cross the zero line. The latter contrast is shown 
also by Fig. 10, though in other respects this differs greatly 
from Fig. 9. In Fig. 11 the curves (a) cross the zero line 
at about mid-day, while the curves (b) and ( c ) cross it at 
about 6 h and 18*. These three Figs., which summarize 
a great mass of evidence, agree with Fig. 24 and the 
results of the above Table in indicating that the D field 
is approximately constant in type, over a great range of 
intensity of disturbance. 

Disturbance in High Latitudes 

So far the morphology of magnetic disturbance has 
been discussed for the belt of the earth lying between 
(magnetic) latitudes ± 6o°. The regions of higher lati¬ 
tude, forming the polar caps, remain to be considered : 
they are found to be of special interest. There the dis¬ 
turbance field is most intense, most variable in time, and 
most complex in geographical distribution. Owing to 
the severe climate the social and economic circumstances 
there are unfavourable to the establishment and mainten¬ 
ance of magnetic observatories. Hence until fairly recent 
years there were no permanent magnetic observatories 
in polar regions, such as now exist at Sodankyla, Lerwick, 
Meanook, Godhavn, Troms 0 , and Fairbanks (Alaska). 
Knowledge of the magnetic conditions in polar regions 
was therefore based on the observations of scientific 
expeditions, lasting in few cases for more than a year. 
Many such expeditions, both to the Arctic and Antarctic 

* The curve 1 (a) in Fig. 10, p. 43, is the only exception. This 
is referred to later (p. 96). 
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regions, have included magnetic work in their programme. 
In the years 1882-3 an d 1932-3, called the International 
Polar Years, many of the leading nations co-operated in 
extensive schemes of observation in the polar regions, 
sending expeditions to various stations there, which 
operated magnetic (and meteorological) recording instru¬ 
ments for about a year : these furnish the larger part of 
our information on magnetic disturbance in high latitudes. 

The form of the D field in the polar regions is found to 
be closely linked with the auroral zones. The lines of 
equal frequency of auroral occurrence (called isochasms) 
were delineated by Fritz from the study of long series of 
auroral observations ; the northern auroral zone, that is, 
the isochasm of maximum frequency, is an oval curve 
of about 23 0 angular radius, centred approximately at the 
north pole of the earth’s magnetic axis. Auroral observa¬ 
tions in the Antarctic are insufficient to enable the southern 
isochasms to be drawn, but they are probably similar to the 
northern ones, being disposed round and within a principal 
isochasm forming the southern auroral zone, and centred 
at the southern pole of the magnetic axis. 

The most striking change in the character of the D field 
as the auroral zone is approached from lower latitudes can 
be distinguished already at the latitude of Sitka, as illus¬ 
trated in Figs. 9-11 or 21-23. It is the growing predomi¬ 
nance of the S D part of the field (the part depending on 
local time, and therefore corresponding to a field appearing 
stationary as viewed from the sun) in comparison with the 
part that is symmetrical about the earth’s axis—the storm¬ 
time field. In the tropics the range of the storm-time 
variations exceeds that of S D ; this can be seen from the 
ert-hand curve in Fig. 20, compared with the curves 5(6) 

\ n jJS®* 2I " 2 3 : or again from the “ all-day minus quiet- 
ay H.F. difference for Honolulu in the Table on p. 86 
(Viz. ioy), as compared with the range of the curves 5(c) 

H 1®. ut at th e “ all-day minus quiet-day ” 
•r. difference is only 3y, while the range of the corre- 

curves, i(c) in Figs. 9-11, is larger (and in the 
much larger). 
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The storm-time variation in the polar regions, corre¬ 
sponding to that shown for lower latitudes in Fig. 20, 
has not been determined, because until recently there has 
not been material for polar observatories extending over a 
sufficient number of years to include many magnetic storms. 
But the method already used to examine the similarity of 
very weak to strong disturbance, as regards the storm¬ 
time field, can be applied to the polar regions, since it 
involves merely the determination of the all-day minus 
quiet-day means. In order that the results thus obtained 
may be fairly comparable with those already given for 
stations in lower latitudes, the quiet days chosen must 
number about the same proportion of all days as before, 
that is, about five per month ; few if any of them may appear 
quiet as judged by tropical standards, and in fact it seems 
likely that the variations shown on these days are really 
almost wholly disturbance variations, the part due to S Q being 
insignificant in these regions. But the difference between 
these days and the average of all days will of course corre¬ 
spond to the same relative difference in the disturbance, 
whether for polar or non-polar latitudes. 

The results of such a comparison, made some years ago, 
are given in Fig. 25. It should before long be possible 
to include more data in such a figure, derived from the 
second International Polar Year, but the figure as it stands 
probably shows the salient facts. 

The difference between the all-day and quiet-day means 
for each station is of course a vector having three com¬ 
ponents. In polar regions the horizontal component of 
this vector does not in general lie so nearly along the direc¬ 
tion of the whole horizontal force as it does in lower lati¬ 
tudes, and the geographical direction of the horizontal 
force varies considerably over the region. It is therefore 
desirable to indicate graphically the direction of the hori¬ 
zontal disturbance vector, as in the figure. This shows 
ten such vectors, represented by lines drawn from points 
corresponding to the situation of ten polar observatories. 
The circles of latitudes 55 0 , 6o°, 70°, 8o°, are also shown, 
and, by a dotted line, the auroral zone as drawn by Fritz, 
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It appears that, on the whole, these horizontal disturb¬ 
ance vectors diverge from a point or small region near the 
centre of the auroral zone, or the pole of the earth’s magnetic 
axes ; they are decidedly not symmetrical about the geo¬ 
graphical pole. 


180 
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I ; ig. 25.—All-day minus quiet-day mean horizontal force vectors 
in high latitudes, i. Cap Thordsen. 2. Bossekop. 3. Nova 
Zembla. 4. Ssagastyr. 5. Sitka. 6. Fort Rae. 7. Kingua 
Fjord. 8. Godthaab. 9. Jan Mayen. 10. Sodankyla. 

M = Morning V.F. maximum. 

A = Afternoon V.F. maximum. 

I = V.F. irregular. 

N = V.F., no record, or unreliable. 

The average change in the mean horizontal force thus 
consists approximately of a reduction in the component 
of the force along the meridians through the magnetic 
axis. In this respect it resembles the corresponding 
change of horizontal force in lower latitudes ; but in the 
polar regions the reduction is larger, varying up to 20y, 
whereas in lower latitudes the maximum, which occurs at 
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the equator, is about loy (these figures are probably sub¬ 
stantially comparable, though not exactly so, because they 
are derived from material for different years and days). 

The average storm-time change of force in the hori¬ 
zontal plane is thus everywhere a decrease, which has a 
maximum at the equator, whence its value decreases 
towards a minimum at about 6o° magnetic latitude, after¬ 
wards increasing rapidly again towards the auroral zone. 
The data do not suffice to show clearly how it varies within 
the zone, but it may be expected to decrease again to zero 
at the centre of the zone. 

As regards the vertical force, the all-day mean appears 
to be higher than the quiet-day mean at Fort Rae, Nova 
Zembla and Kingua Fjord (stations 6, 3, 7 in Fig. 25), 
by about 187, 197, 6 y respectively. At stations 2, 10, 5 
the change is negative and small, viz., — 4, — 4, — 3 y. 

At stations 1 and 9 the change seems to be small and its 
sign is doubtful. The larger changes of vertical force, here 
quoted, are probably reliable as regards sign and order 
of magnitude; they much exceed the corresponding 
changes of vertical force in lower latitudes. These arc 
small and positive from the equator (where the change is 
zero) up to about 55 0 northern latitude ; then they change 
sign (to negative) and increase numerically towards the 
auroral zone. A further change of sign, to positive values, 
occurs at or within this zone, where the large differences 
above quoted are found (the stations 6 and 3, shown outside 
the zone, in this respect behave like station 7, which is 
certainly within the zone). 

Further within the zone it seems likely that the vertical- 
force difference will decrease again towards the axis of 
magnetization, but data on this point are wanting. 

In the Antarctic the data for Cape Evans (77-6° S, 166-4° E) 
show that the “ all-day minus quiet-day ” mean difference 
in the (upward) vertical force is an increase of 5 y ; this 
result is confirmed by the (naturally larger) difference of 
127, with the same sign, between the mean of the five most 
disturbed days per month, and all days. Thus at Cape 
Evans, within the southern auroral zone, disturbance 
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increases the numerical magnitude of the vertical force, as 
in the arctic region. 


Kingua Fjord. 


Cap Thorsden. 


Fort Itac. 


Point Barrow. L 


Jan Mayen. 


S n in High Latitudes 

These all-day minus quiet-day ” differences, though of 
great interest and importance, since they represent the aver¬ 
age of the storm-time varia¬ 
tions, are of smaller magnitude 
than the local-time, or S D , 
part of the disturbance field, in 
polar regions. This will next 
be considered. 

Fig. 23 (curves (6), ( c )) 
shows that S D in the vertical 
force maintains a constant 
phase from the equator to as 
tar north as Sitka, with a 
morning minimum and an 
evening maximum ; the ampli¬ 
tude increases greatly with 
latitude. The increase persists 
heyond the (magnetic) latitude 
o Sitka where the range, for 
ail-days minus quiet-days, is 
about aoy ( C f. Fig. I0 , curve 
to Bossekop, where the 
range exceeds iooy. The 
curves for Bossekop and other 
polar stations are illustrated in Pl , 

,‘g- 26 - These curves, with F * 6 ' 

tTVT ° f the one f or 

Zembla ' are of s 'milar 

their pWs^re aT ™° St remarkable Mature is that 

the otherstatio' If ? PP ° Slt , e - t0 , that for Bossekop and 

Zembla is tran v ,° ? er atltuc i e > the curve for Nova 

The reversal of * between the two .sets of curves. 

of magnetic latitude e ,® eems t0 ° ccur within a narrow belt 
g tic latltude ad jacent to the auroral zone. 


Nova Zembla. 


Bossekop. 



Oh 4h 8h I2h I6h 20h 24K 


o so iooy 
VerticalForcc Scait 


-Annual mean daily 
variation of vertical force in 
Polar regions. 
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This reversal of phase of the vertical force (S D ) daily 
variation, in a region where on the two sides of the dividing 
line the range is itself so large, constitutes what is perhaps 
the most striking of all the average characteristics of the 
field of world-wide magnetic disturbance. 

The “ all-day minus quiet-day ” S D variation in the 
horizontal plane is likewise large in polar regions, the 
range being of the order 50 y. This greatly exceeds the 
range in lower latitudes, and even that at Sitka, in magnetic 
latitude 6o°. 

In passing northwards from Sitka and crossing to within 
the auroral zone the S D variation in the horizontal plane 
experiences a striking change of type, which is not simply 
a reversal as in the case of the vertical force. The change 
is best shown by the horizontal-force vector diagrams 
for S D . At Sitka the diagram still bears some resemblance 
to the roughly oval form, elongated in the direction trans¬ 
verse to the magnetic meridian, shown at Greenwich and 
other stations in similar latitudes. But for stations quite 
near the auroral zone, like Ssagastyr, Sodankyla, Nova 
Zembla and Bossekop, in magnetic latitudes 61 °, 64°, 65 , 
67°, the diagram is very narrow in this direction (that is, 
in the direction parallel to the auroral zone), and much 
elongated in the direction normal to the zone : cf. Fig. 
27. The maximum poleward force occurs at from 15 
to 18*, and the opposite minimum at about o*. On passing 
well inside the zone the vector diagram again becomes 
oval, indeed nearly circular. This is shown by the dia¬ 
grams for Kingua Fjord and Cape Evans, in magnetic 
latitudes 78° N. and 79 0 S. (note that these two curves 
are described in opposite senses). The curves for other 

stations are of similar or intermediate type. 

Fig. 27 shows the horizontal force S D vector diagram, 
derived from all-days minus quiet-days for Sitka, Sodan¬ 
kyla, Bossekop, Kingua Fjord and Cape Evans. In each 
case the magnitude and direction of the horizontal-force 
disturbance vector shown in Fig. 25 is indicated by a line 
drawn from the origin. This enables the orientation o 
the diagram, and therefore of the S D disturbance vector 
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at any local time, relative to the auroral zone, to be inferred 
by comparison with Fig. 25. It also shows, for the 
stations within or very near the zone, how greatly S D 
exceeds the average of the storm-time variation, repre¬ 
sented by this vector from the origin. It should be care- 






KINCUA-FIORD 

FlC - 2 7 —Horizontal-force vector diagrams in high latitudes 

(N. or S.) (p. 94 ). 

separate dia g r ams in Fig. 27 are drawn 

tn faoT* 6 ?* sca ^ es ». t0 re nder them of similar size and so 
to tacilitate comparison between their different forms. 

. e aver age characteristics of disturbance in polar 
regions, so far considered, are those associated with the 
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degree of disturbance existing on average days as compared 
with quiet days. But the facts described in pages 83-88 
suggest that the distribution and development of the 
disturbance field may remain fairly constant, and inde¬ 
pendent of the intensity of the disturbance, in middle and 
low latitudes. There is some evidence that the same is 
true, to a certain extent, in high latitudes. This evidence 
will be briefly considered. 

It has been seen that the S D variation in polar regions 
is very great (the range being 50y or more) compared with 
that in lower latitudes. Even on relatively quiet days, 
such as the five quietest per month, there remains a 
certain amount of disturbance, including S D . In middle 
and low latitudes S D is small compared with S^, the normal 
quiet-day variation, but in high latitudes it may exceed 
the latter, and wholly or partly mask it. Curves i(a) } ( c ) 
of Fig. 10 seem to illustrate this: Curve i(c) is of larger 
amplitude than curve 1 (a), and the latter, which is 
intended to represent S Q alone, appears to be compounded 
of two variations, one being a residue of S D , similar to 
but smaller than i(c), and the other the true S Qi similar 
to but smaller than the S Q shown by the curves 3, 4, 5 > ( a ) 

in Fig. 11. . . . 

Within the auroral zone S Q probably becomes insigni¬ 
ficant compared with even the average amount of S D 
existing in the mean of the five quietest days per month. 
If so, the vector diagrams for the whole daily variation of 
magnetic force in the horizontal plane, on quiet days, 
on average days, and on the five most disturbed days per 
month, should all be similar. Chree showed that this 
is the case for certain observatories within the southern 
auroral zone, a fact which seems to be a partial confirma¬ 
tion of the view that the general character of the disturb¬ 
ance field, in polar as well as in lower latitudes, does not 
vary greatly while the intensity alters considerably. 

At polar stations quite near the auroral zone, however, 
there may be considerable change in the type of S D , and 
in the “ all-days minus quiet-days ” mean difference in 
vertical force, as the intensity of disturbance increases. 
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This is because of the complicated structure of the average 
disturbance field in the polar regions, and its close con¬ 
nection with the auroral zone. This zone seems to extend 
and move to a lower latitude during periods of intense 
disturbance, so that a station which is normally near but 
outside the zone may during a magnetic storm be under 
or within it. If so, the disturbance changes at the station 
during slight disturbance may be radically different from 
those which occur there during a storm, even though, 
in relation to the zone, the character of the disturbance 
field may be similar in the two cases. 


The Irregular Disturbance Fluctuations D, 

Besides the regular storm-time part and the regular 

diurnal part of the disturbance field, there are the irregular 

disturbance fluctuations D,-. They are averaged out in 

the processes by which the first two parts of the field are 
determined. 

D, shows unlimited variety in detail, but on the average 
it has a notable dependence on latitude and on local time ; 
that is to say, it has on the average a well-marked geo¬ 
graphical distribution of intensity, which so far as longitude 
is concerned depends on longitude relative to the sun, 
and not on absolute longitude. Hence, like the field 
and the b D field, its average distribution over the earth 
is dehmte (at any particular season) as viewed from the 


In the following brief account D, will be used to denote 
the average intensity of D,. over a considerable space of 

t t : , T e \ e ‘ ther a . number of whole days or, when considering 
ai y variation of D,-, over a number of days for a 
particular hour. This usage will obviate the need for the 
continual repetition of the word “average.” It must 
be understood that on particular occasions the distribution 
ot u i may depart from this average distribution. 

_ As regards distribution in latitude, D, is least in low 

f‘£ des - a .n d increases with the latitude; the increase 
w unti near the auroral zone, where it becomes very 
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rapid ; there is a pronounced maximum of intensity of 
D t under or nearly under the zone. Further within the 
zone the intensity decreases again, in summer to about 
half the maximum, and in winter to about a fifth. Even 
this winter value of the polar minimum of D* is several 
times as large as the intensity of D 2 at the equator. 

The distribution of D z in longitude relative to the 
meridian containing the sun, i.e. its variation with local 
time, likewise shows a marked relationship with the 
auroral zone. In the latitudes between the two auroral 
zones, that is, up to at least 65° magnetic latitude, D, 
has a simple daily variation, with its maximum in the 
evening ; as the auroral zone is approached the hour of 
maximum gets later, from about 21 h at 55 0 to midnight 
at 70°. Up to this latitude the form of the daily variation 
of D t does not vary much either with season or with the 
general intensity of magnetic disturbance. 

Between 70° and 8o° magnetic latitude—within the 
auroral zone—the curve of daily variation of D* changes 
its character, in a way that depends greatly on the season 
and on the general intensity of the D field. Above 8o° 
latitude, that is, in the central region well within the auroral 
zone, D* again shows one dominant maximum, but this 
is now invariably in the forenoon, between about S h 
and 11^; in the winter there is in addition a secondaiy 
late evening maximum. In the zone 7o°-8o° the transi¬ 
tion is made from the evening to the dominant morning 
maximum. 


The Electric Current-Systems Associated with the 

D Field 

Harmonic analysis of the D field shows that its origin, 
like that of S 0 , is partly external and partly internal. The 
internal part (D*) can reasonably be explained as due to 
electric currents induced within the earth by the external 
part of the D field (D e ). Since the storm-time part of the 
D field varies more slowly with the time than the other 
parts (S D and D,), its induced currents penetrate further 
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down into the conducting core of the earth (p. 54) than the 
S<7 or Sjp currents. They appear to show that the electric 
conductivity of the core increases downwards rather 
rapidly, in the region below 160 miles’ depth. 

The origin of the D e field is unknown, and opinions differ 
even as to the location of its source. There is good evi¬ 
dence that the field near the auroral zone is due to strong 
currents flowing along the zone at a height of at least 100 
km. above the ground, the direction being eastward at 
certain local times and westward at others ; their intensity 
seems to be of the order of a million amperes. These 
currents flow in our atmosphere. Since their direction is 
not the same all round the zone, they must complete their 
paths outside the zone ; this raises the important question, 
whether they flow wholly within the atmosphere, or whether 
they enter the atmosphere from outside (and, of course, 
afterwards leave the atmosphere, since the earth cannot 
continually accumulate electric charge). Up to the present 

the magnetic data have not yielded a decisive answer to 
this question. 


It seems possible that the D e field in non-polar latitudes 
is, at least in part, caused by electric currents outside the 
atmosphere. On the other hand, hypotheses as to electric 
currents outside the atmosphere are quite speculative. 
It has often been suggested, however, that the storm-time 
part of the D e field, in non-polar latitudes, is due to a great 
ring current round the earth, the current being westward 
during the main phase. The suggested values for the radius 
of this ring current have ranged widely-from a few earth- 

ra V l luCS e * c ? edin g the radius of the moon’s orbit. 

While the position and size of the current-systems re- 
sponsible for the D« field are so much in doubt, the theory 
of the origin of these currents must remain even more 

fS Tt?“ 'a / u CaSC ° f S «' The object is considered 
further at the end of the next chapter. 



CHAPTER VI 



SOLAR RELATIONS WITH MAGNETIC 

DISTURBANCE 

I N this chapter the variation of the general intensity of 
the D field, from day to day and from year to year, will 
be considered. Studies of these variations may be based ^ 
on the records of one element at a single observatory, or^ 
on some index of disturbance, like the international daily^ 
magnetic character figure, depending on data from many 
observatories. These character figures, however, may not 
be well suited for the study of variations over a long period 
of time, since their “ scale-value ” is not definite. 


H 


The Relation of Magnetic Disturbance to the £ 

Sunspot Cycle* 

One outstanding relation which is thoroughly established^, 
is that disturbance is more frequent, and on the average pi 
more intense, near the epoch of maximum sunspots than 
near the minimum sunspot epoch. Hence the intensity of A) 
D undergoes a cycle with a period of approximately eleven A 
years, like the sunspots. 

This is illustrated by Fig. 28, which shows the frequency yj 
of (lunar) days of different range in Greenwich magnetic^ 
declination (after abstracting the S Q part of the variation,^, 
which itself waxes and wanes with the annual mean sun- 
spottedness) for different groups of years : the curves are 
marked a, /?, y, 8, e, in descending order of mean annua ^ 
sunspot number from maximum to minimum. The fig ure ^ 
shows that in years of sunspot maximum (a) both the mean^ 
range and the proportion of high ranges are much greater^ 
than in years of sunspot minimum (e). 

* See p. 29. 
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Fig. 29 shows how the 
annual mean sunspot numbers 
(lower curve) and the annual 
mean magnetic activity (u) 
varied over the long period 
1835-1930; the parallelism is 
very striking. The magnetic 
activity here is measured by 
an index ( u ) that depends on 
the day-to-day change of D m 
(p. 35)> an d therefore on the 
storm-time changes in the field 
at a number of stations. 

Fig. 30 contrasts the annual 
mean sunspot numbers (shown 
by the lower curve) with the 
number of days per year which 
were classed (at Paris) as dis¬ 
turbed, during the period 
1882-1923. The correspond¬ 
ence is clearly much less close 
than for the average intensity 
of disturbance. 

The Annual Variation of 
Disturbance 

Fig. 31 illustrates the annual 
variation in the frequency of 
days classed (at Paris) as dis¬ 
turbed. It shows that they 
are more numerous near the 
equinoxes (March 21 and 
September 21) than near the 
solstices. Fig. 32 illustrates 
the annual variation of the 
magnetic activity, measured 

by u as in Fig. 29; the 
upper, middle and lower 
curves refer to disturbed 


CM CO 
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Fig. 30.—Frequency of magnetically disturbed days (above) compared with annual mean sunspot 

numbers (below), (p. 102). 
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Annual variation of frequency of magnetically dis¬ 
turbed days (p. 102). 
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Fig. 32.—Annual variation of magnetic activity («) in disturbed, 
average, and quiet years (upper, middle, and lower curves), 
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years, average years, and quiet years respectively. Figs. 
31, 32 show that both the frequency and the intensity of 
disturbance vary in a similar way throughout the year. The 
cause of this variation is not yet understood. 

The Solar Rotation Period 

I he sun rotates about its axis, as is shown by the motion 
of sunspots across the disc (and in other wavs). It does not 
rotate as a rigid body ; the rotation is most rapid at the 
equator, and decreases steadily towards the poles. But 
the mean period of rotation (relative to the earth, which itself 
has an orbital motion round the sun), for the latitudes in 
which sunspots occur, is approximately 27-3 days. 

Since many sunspots last for more than one solar rotation 
period, the same spot may contribute to the daily sunspot 
numbers not only for the days of its first appearance on the 
disc, but for later days after the sun has carried it round into 
view agam. If the spots were permanent, there would be 
a definite 27-day periodicity in the daily sunspot numbers ; 
■>ut since spots are born, and disappear, at irregular in¬ 
terval 8 , all that the daily sunspot numbers show, on account 
o the rotation, is a tendency for recurrence of the same sun¬ 
spot number after twenty-seven days. This is well illus¬ 
trated in Big. 336, where the magnitude of the daily sunspot 
numbers is represented for each of a long series of days 
(1928-1931), by the degree of blackness of small squares, 
one for each day. The days are arranged in rows of twenty- 
seven so that each row represents one rotation period, 'it 
is evident that dark squares in different rows tend to recur 
near the same column ; this means that days of relatively 
igh sunspot number tend to recur after a lapse of twenty- 
seven ays, or a solar rotation ; the same applies to spotless 

ys. he diagram shows that particular regions on the 
sun (represented by different vertical columns of the 
diagram) tend to remain quiet or disturbed over long 
periods periods much longer than the life of individual 
P° s. ». ometimes a disturbed region lapses into quietness 
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for a time, and afterwards becomes disturbed again. The 
decline from the sunspot maximum in 1928 is also well 
shown. 

The Daily Sunspottedness and the Daily 

Magnetic Activity 

The daily magnetic character figures can be represented 
in a manner similar to that used in Fig. 33^ for the daily 
sunspot numbers. This is done in Fig. 33a for the same 
period as that to which Fig. 33a refers. The blackest 
squares represent the days magnetically most disturbed, 
and the blank squares the quietest days. The days are 
arranged in the same 27-day rows in both figures. If the 
earth’s magnetic activity were closely dependent on (or 
highly correlated with) the presence and extent of spots 
on the sun, as Fig. 30 might suggest, the “ patterns ” of 
the two Figs. 33a, b should be very similar. It is evident 
that this is not so. Quiet magnetic periods sometimes 
coincide with much spottedness on the sun, and con¬ 
versely magnetic disturbance may occur when the sun’s 
disc is free from spots. It would therefore seem that sun¬ 
spots^ themselves are not responsible for disturbing the 
earth s magnetic field, but that the cause, on the sun, of 
magnetic disturbance on the earth, waxes and wanes in 
frequency and intensity throughout the sunspot cycle, 

in general but not detailed correspondence with the sun¬ 
spots. 


The 27-DAY Recurrence Tendency in 

Magnetic Activity 

Fig* 33 a shows another important property of mag¬ 
netic disturbance. Though its pattern does not agree 
with that of Fig. 33 b t it shares one characteristic with it. 
Black squares in successive rows tend to be grouped near 
the same column, and similarly for light squares. This 
means that magnetic disturbance tends to recur in (about) 
27 days, that is, after a solar rotation. As in the case of 
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the sunspot numbers, this tendency does not constitute 
a permanent periodicity, for the recurrences are from 
time to time interrupted, or cease altogether. The re¬ 
currence tendency shown by magnetic disturbance is 
another indication, independent of that afforded by Fig. 
30, that magnetic disturbance is due to some solar cause. 
It indicates that there are regions on the sun effective in 
causing magnetic disturbance : that these regions rotate 
with the sun : and that they may remain effective for more 
than one solar rotation period—often throughout many 
such periods. Solar physicists have not yet succeeded in 
detecting any visible solar characteristic associated with 
these regions ; if they should in the future do so, the 
discovery should be of great value in enabling magnetic 
disturbance to be foretold by observation of the sun. 
Bartels has called these “ magnetically effective ” regions 
M regions. There is, of course, no suggestion that they 
exert a magnetic influence by their own magnetic field : 
powerful local magnetic fields, associated with sunspots, 
are indeed observed on the sun (by means of the Zeeman 
effect), but their intensity sinks to insignificance at a distance 
far less than that which separates the earth from the sun. 

Chree’s Recurrence Diagrams 

The recurrence tendency of magnetic disturbance can 
also be illustrated in the following way. The days of 
character figure 2 during a certain period are picked out. 
The character figures for each of these days, and for a few 
days before and a number of days afterwards—maybe 30, 
maybe 60 or even more—are written out in rows, one for 
each of the selected disturbed days. Means of each column 
of figures are then formed, giving the mean character 
figure for the days preceding or following the selected 
days by a certain interval. The column for the selected 
days has, of course, the mean 2 ; the means for the other 
days are less than 2. Fig. 34 shows a graph of means so 
formed : the important feature is that 27 or 28 days after 
the maximum corresponding to the selected days, there 
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is another maximum, showing a tendency for disturbance 
to recur after such an interval. Similar graphs may be 
constructed from series of days following on selected quiet 
days (character figure o) ; the graph shows a deep minimum 
for the selected days, and a smaller minimum 27 or 28 days 
later. 

Fig. 34 is based on series of 35 days following (and 5 
preceding) the disturbed days : graphs have been drawn 
from much longer series of days, and show recurring peaks 



of diminishing magnitude after two, three or even more 

intervals of 27 or 28 days. Such diagrams constitute 

perhaps the most convincing proof of the existence of the 
recurrence tendency. 

Individual Sunspots and Magnetic Storms 

Though magnetic disturbance may occur on days when 
t e sun has no spots, it is found that in general the greatest 
isturbances coincide with the presence of great * spots 
near the centre of the sun. Great spots are, however, by 
no means always associated with notable magnetic dis- 
ur ance. These and the other facts already described 
suggest that terrestrial magnetic disturbance is due to some 
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emission from limited areas on the sun, often but not 
always associated with sunspots : and that this emission 
is corpuscular, being confined to a limited “beam’ or 
stream, issuing in general in a roughly radial direction 
from the sun. The beam will lag behind the sun in its 
rotation, but its form will rotate with the sun (just as a 



p IG 25.—Average daily sunspot numbers for days 

and following a set of selected magnetically disturbed aa\s 

(So). 


stream of water issuing from a rotating hose will seem to 
rotate after the hose—though not, of course, like a rigi 
body)! If the stream encounters the earth, it produces 
a magnetic disturbance: but many streams may miss the 
earth, thus corresponding to spots unaccompanied v 

disturbance. 
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The Time of Travel from the Sun 

If the above ideas are correct, and the emission of the 

solar agent responsible for magnetic disturbance is roughly 

radial, then the time of travel of this agent from the sun 

to the earth can be determined: because the matter which 

is to affect the earth must be emitted when the area of 

emission is in the centre of the sun’s disc, or at least on 

the central meridian of the sun ; * whereas when the 

matter reaches the earth, the area will have moved on in 

the direction of the sun’s rotation. Assuming that the 

emitting area is associated with a visible spot, the time of 

travel to the earth is measured by the time taken for the 

spot (identified conjecturally with the disturbance) to travel 

from the central meridian to the meridian on which it lies 

at the time of the disturbance. This interval is found to be 
between i and 4 days. 

I he same idea can be applied in another way. Selecting 
a number of days of magnetic disturbance, the daily 
sunspot numbers for these and neighbouring days are 
abulated, in rows, one for each selected day. Means in 
each column are taken, and their ratios to the mean for the 
selected days are plotted on a graph; Fig. 35 shows the 
curve thus obtained by Maurain, from 121 disturbed days 
selected at Paris from a period of 10 years of feeble solar 
activity. It shows a weak maximum of the daily sun¬ 
spot numbers, occurring on the average 2J days before 
the occurrence of the selected disturbances. 

tro, iflu available evide nce suggests that the time of 
travel ot the solar agent is from 1 to 4 days, corresponding 

StlT 11 - T e ? of l rom 1100 to 270 miles p er sec ° nd 

bince this is far less than the speed of light, it is additional 
evidence for the corpuscular character of the solar agent. 

r st be , m , odified slightly if the slow orbital 
re\olution of the earth round the sun is taken into account. 



I 12 


THE EARTH’S MAGNETISM 


The Deflecting Influence of the Earth’s 

Magnetic Field 

The special geographical distribution of magnetic dis¬ 
turbance, and its association with the polar lights or 
aurorae, give perhaps the most convincing indication of 
the corpuscular character of the solar agent responsible 
for these two terrestrial phenomena. For the polar 
incidence of aurorae and of the intense disturbance field 
near the auroral zone receives a simple and natural ex¬ 
planation through the hypothesis that these phenomena 
are due to electrically charged corpuscles entering the 
atmosphere from outside, which are guided towards the 
polar regions by the earth’s magnetic field. 

It seems necessary that the corpuscles shall travel from 
the sun in streams containing nearly equal numbers of 
particles of opposite charges ; otherwise the excess charge 
of one sign would be dispersed by mutual electrostatic 
repulsion. 

Much still remains obscure concerning the way in which 
such streams of corpuscles will act near the earth and 
after entering the earth’s atmosphere. 
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